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ABSTRACT
The purpose o f th is  study i s  to  dem onstrate the  f e a s ib i l i ty  o f 
ob ta in ing  th e  e l e c t r i c a l  conductiv ity  o f band gap semiconductors, 
by considering the absorp tion  of ra d ia tio n  in  th e  v is ib le  reg ion .
The experim ental evidence confirmed p re d ic tio n s  th a t  the  conducti­
v i t i e s  o f the s i l ic o n  samples are re la te d  to  th e  h o riz o n ta l d is ­
placement o f energy in  th e  absorp tion  curves. The m a te ria l used in  
th is  study was p-dqped s i l ic o n ,  although th e  approach should be 
v a lid  in  general fo r  e i th e r  elem ental o r  compound semiconductors.
The absorp tion  c o e f f ic ie n t fo r  s i l ic o n  was measured in  the  
ra d ia tio n  region between 2.0 and 3*0 ev. This reg ion  above th e  
in d ire c t  band gap (-  1 .1  ev) i s  where the  absorp tion  c o e ff ic ie n t i s  
s ig n if ic a n t  (o rder o f 10s cm- 1 ) , consequently , a  re fle c ta n c e  method 
was considered most app rop ria te  to  measure th e  absorp tion . Measure­
ments were made on p-doped s i l ic o n  w afers d if fe r in g  by fo u r orders 
o f magnitude. The nominal values o f th e  r e s i s t i v i t i e s  as determined 
by fo u r po in t probe measurements were from 0.005  ohm-cm to  50 ohm-cm.
Maxwell’s equations are applied  fo r  a  p lane electrom agnetic 
wave propagating in  an absorbing, homogeneous, l in e a r  medium. The 
r e s u l t in g  so lu tio n s  lead  to  expressions fo r  the  r e a l  r e f r a c t iv e  
index , nr , and th e  e x tin c tio n  c o e f f ic ie n t ,  k . The amount o f absorp­
t io n  o f ra d ia tio n  in  th e  medium i s  defined  in  terms o f the  absorp tion
i
c o e f f ic ie n t ,  a ,  which i s  d i r e c t ly  p ro p o rtio n a l to  k and in v erse ly  
p ro p o rtio n a l to  th e  wavelength, X.
The value fo r  k as a  function  o f wavelength was measured using 
a nan-normal incidence re f le c ta n c e  method in  which the  pseudo-polar- 
iz in g  angle was measured. A Bausch and Lomb G rating Monochromator 
and a  Tungsten l ig h t  source was used fo r  th e  monochromatic source 
(±1A a t  th e  50% in te n s i ty  p o in ts ) .  The in c id en t monochromatic l ig h t  
beam was co llim ated , chopped m echanically by a  chopper wheel to  
produce 3600 HZ, and then r e f le c te d  from a s i l ic o n  w afer. The wafer
was mounted on a  tu rn - ta b le  designed so th a t  th e  re f le c te d  and in c i­
dent angles were equal to  b e t te r  then  f iv e  minutes o f  a rc . Ihe re ­
f le c te d  l ig h t  which was e l l i p t i c a l l y  p o la riz ed  was measured by a 
p h o to m u ltip lie r  assembly. The am plitude o f th e  r e f le c te d  components 
in  and normal to  the  plane o f incidence was determ ined by a good 
grade o f p o la r iz e r  mounted befo re  th e  p h o to m u ltip lie r en trace  s l i t .  
Expressions are  given which show th a t  only the p o la r iz in g  ang le , 0 , 
and th e  am plitude r a t io  o f r e f le c te d  components, a re  necessary  to  
determine k and n .
Two th e o re t ic a l  models were assumed in  an e f f o r t  to  f i t  th e  
experim ental d a ta . The f i r s t  attem pt was on a  s e m i-c la s s ic a l model 
in  which th e  charge c a r r ie r s  were considered to  be bound e la s t ic a l ly  
w ith danping to  account fo r  d is s ip a tio n  due to  c o l l is io n s .  The 
model, through a  p roper choice o f  th e  danping co nstan ts  i s  found to  
be a reasonable f i t  to  th e  abso rp tion  curve, but only fo r  th e  region
ii
from 2 .0  to  2 .5  ev.
The quantum mechanical approach was, as expected, by f a r  th e  
b e t te r  o f the  two models chosen. The experim ental absorp tion  coef­
f ic ie n t  curve had th e  same general shape as the  id e a l  quantum me­
ch an ica l curve, bu t h ig h er by an o rder o f  magnitude. This d isc re ­
pancy i s  explained  by th e  presence o f  a  su rface  oxide la y e r  and th e  
fa c t  th a t  th e  quantum mechanical curve was based on an id e a l  semi­
conductor.
The absorp tion  c o e f f ic ie n t i s  found to  vary as th e  square o f 
the ra d ia tic n  energy in  excess o f th e  in d ire c t  band gap, f o r  th e  
e n t i r e  reg ion  between 2 .0  and 3.0 ev. There was no evidence th a t  
the  absorption  p rocess was due to  d i r e c t  t r a n s i t io n s ,  even fo r  
energ ies n ear 3.0 ev. Expressions a re  derived  which in d ic a te  th a t  
th e  r a t io  o f two low frequency e le c t r i c a l  co n d u c tiv itie s  a re  de­
pendent on the  e f fe c t iv e  band shrinkage due to  doping and th e  
Fermi le v e l  s h i f t .  The conductiv ity  can be determined by com­
p a rin g  i t s  absorp tion  curve w ith  th a t  o f  a known a This i s  
re a liz e d  by using  th e  h o riz o n ta l energy displacem ent between the 
two curves, AE^, in  th e  derived expression .
F urther d a ta  taken  on c lean  (etched su rfaces) s i l ic o n  w afers 
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The purpose of th i s  th e s is  I s  to  demonstrate th a t  th e  e l e c t r i c a l  
conductiv ity  o f band gap semiconductor m a te ria ls  such as s i l ic o n  can 
be determined from i t s  o p tic a l co n tan ts. The o p tic a l  constan ts ,
namely th e  r e a l  re f ra c tiv e  index and th e  e x tin c tio n  c o e ff ic ie n t a re  a 
consequence o f a  complex propagation v e lo c ity  which i s  assumed fo r  a 
plane electrom agnetic  wave tra v e l in g  in  the  medium. A ccnplex propa­
ga tion  v e lo c ity  i s  necessary in  o rder to  describe  th e  absorp tion  o f 
energy  which i s  inheren t in  lo ssy  m a te ria ls .
The e f f o r t  in  th e  study has e s s e n tia lly  been confined to  the
determ ination  o f th e  e l e c t r i c a l  conductiv ity  o f s i l ic o n  a t  ra d ia tio n  
wavelengths in  th e  v is ib le  spectrum (*100-700 nm). An expression  fo r  
the  o p tic a l constan ts i s  obtained c la s s ic a l ly  using  Maxwell’s equations 
fo r  a plane wave propagating in  an is o tro p ic ,  homogeneous, l in e a r  
medium. I t  i s  assumed th a t any d ev ia tio n s  from iso tro p y  and homo­
geneity  w i l l  be sm all and no t a f fe c t  th e  r e s u l t s . The l in e a r i ty  i s  
s a t i s f ie d  because th e  f ie ld  s tre n g th  o f the  ra d ia tio n  used fo r  the
in v e s tig a tio n  i s  sm all (E -  1 v-crrf1) compared to  values o f  the  
e le c t r ic  f i e ld  in  the  outermost p a r ts  o f  th e  atoms where the  f ie ld  
i s  sm allest (E -  10^v-cm- 1 ) . L in e a rity  i s  here defined  as the
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condition  whereby the  p ro p e r tie s  o f  th e  m a te r ia l are  independent o f  
th e  magnitude o f th e  source o f  e x c ita tio n .
The o p tic a l  constants used to  determine th e  e l e c t r i c a l  conduc­
t i v i t y  in  th e  v is ib le  frequency range are  th e  values measured by a
method which w il l  be described  in  d e ta i l  in  Chapter 2. The r e a l  
r e f r a c t iv e  index and the  absorp tion  c o e ff ic ie n t are  determined by 
measuring th e  s ta te  o f p o la r iz a tio n  in  a  beam o f  monochromatic ligjht 
r e f le c te d  frcm a  s il ic o n  w afer. I t  I s  apparent th a t  th e  technique 
avoids th e  use o f  a  ph y sica l con tac t and so has th e  advantage o f 
e lim in a tin g  con tact p o te n tia ls  and contact re s is ta n c e s  which are ever 
p resen t in  any d ire c t  contact measuring method.
The ju s t i f i c a t io n  fo r  th e  undertaking o f t h i s  study can best be
re a liz e d  by considering th e  Importance o f e le c t r i c a l  conductiv ity  
measurements fo r  semiconductors and th e  methods c u rren tly  used to  
male th ese  measurements. These methods become d i f f i c u l t  to  Implement 
when the  measurements are made a t  very low ten p e ra tu re s  o r a t  high 
tem peratu res. There are a t  p resen t th re e  b asic  measurement tech­
niques used to  determine th e  e l e c t r i c a l  conductiv ity  o f  sem iconductors.
The f i r s t  i s  the  conventional method where a  known cu rren t passes
through two conductors in  con tac t w ith  the  semiconductor surface and 
th e  r e s u l t in g  vo ltage  measured across two in n er c o n ta c ts . The method 
has been su ccess fu lly  enployed in  determ ining th e  co n d u c tiv ity , 
i n i t i a l l y  by Pearson and Bardeen [1] and l a t e r  by Morin and M alta [2 ].
The cu rren t co n tac ts  fo r  th e  samples were app lied  by th e  e le c t r o ly t ic  
deposition  o f rhodium (Pearson and Bardeen) o r by bonding through 
gold p la te  w ith  Sb-doped gold w ire (Morin and M alta). The vo ltage 
contacts a re  a  known d istance  ap a rt and are made by rhodium pressu re  
co n tac ts . Successfu l r e s u l ts  were obtained by both  teams because o f 
the  care ex e rc ised  in  th e  p rep a ra tio n  o f  the  samples and the  fa c t  
th a t  the  s iz e  and geometric shape imposed no r e s t r i c t io n s  on the 
measurement. In  g en era l, however, th e re  are se v e ra l disadvantages to  
th i s  method:
1. The vo ltage p ressure  co n tac ts  between a  conductor 
probe and a  semiconductor has been shown to  r e s u l t  
In  a  con tact re s is ta n c e  [ 3] a lso  c a lle d  a  c o n s tr ic ­
t io n  re s is ta n c e  which i s  dependent on th e  con tact 
fo rce  and th e  r e s i s t i v i t y  o f th e  h igher r e s i s t i v i t y  
m a te r ia ls .
2. There a lso  e x is ts  m inority  c a r r ie r  In je c tio n  a t  one 
o f  th e  cu rren t carry in g  co n tac ts  which i f  la rg e  
enough can e f fe c t  the  p o te n t ia l  between th e  vo ltage 
co n tac ts  [4 ] , In je c tio n  i s  p resen t whenever a  
conductor which i f  in  con tact w ith  an n -type  semi­
conductor i s  made p o s it iv e  w ith  respec t to  th e  
semiconductor. A d e ta ile d  d iscussion  o f c a r r ie r  
in je c t io n  i s  given by Shockley [5 ].
3. Perhaps th e  major disadvantage o f th is  method i s  
th a t  m etal-sem iconductor co n tac ts  are u su a lly  
r e c t i fy in g  in  nature  [ 6- 8] .  A conplete p ic tu re
o f a  r e c t ify in g  con tact and be obtained only i f  the 
su rface  p ro p e rtie s  o f  th e  semiconductor I s  a lso  
considered . The symmetry and p e r io d ic ity  o f th e  
energy band in  the bulk  o f th e  m a te ria l i s  not 
v a lid  a t  th e  surface and th i s  r e s u l ts  in  allow able
su rface  energy s ta te s  fo r  e le c tro n  energ ies  which 
norm ally l i e  in  th e  forbidden gap. The su rface  
la y e r , about sev e ra l l a t t i c e  constants in  th ickness
O
(-10A), however, i s  sm all compared to  th e  mean fre e  
p a th  o f th e  c a r r ie r s .
Surface s ta te s  w ith energ ies  in  th e  forbidden band 
a re  c a lle d  Tamm le v e ls  and were f i r s t  considered by 
Tamm [9 ] . The theory r e la t in g  the  su rface  s ta te s  
and i t s  e f fe c ts  on m etal-sem iconductor con tac ts  was 
in troduced  by Bardeen [10-13] in  1947, and experi­
m ental evidence on the  ex isten ce  of su rface  s ta te s  
has been given by Shockley and Pearson [14]. P r io r  
to  th i s  tim e, the  semiconductor surface was consi­
dered to  be e le c t r ic a l ly  n e u tra l  and a  su rface  
charge ex is te d  only when a con tact i s  made between 
the  m etal and the semiconductor. This was p a r t ly  
explained by the  fa c t th a t  th e  m ate ria ls  have 
d if f e r e n t  work fu n c tio n s .
The su rface  p ro p e rtie s  o f  semiconductors s ig n i f i ­
can tly  a f fe c t  the  c a r r ie r  l ife tim e  and i t  has been 
shown experim entally  th a t  th e  hole l ife t im e  in ­
creases w ith ten p era tu re  fo r  both germanium [ 15] 
and s i l ic o n  [16]. The increased  life tim e  r e s u l ts  
in  an increased  d iffu s io n  leng th  which a f f e c t  the  
c a r r ie r  concen tration  a t  the  con tacts when cu rren t 
flows through the  semiconductor. The ty p ic a l  room 
tem perature values o f Lp are  about .02 cm fo r  
S ilic o n  and .06 cm fo r  germanium and can vary by 
b e t te r  than an order o f magnitude fo r  ten p e ra tu re  
v a r ia tio n s  o f  about 50°C from room ten p e ra tu re .
The in c rease  fo r  s i l ic o n  being more pronounced 
than  th a t  fo r  germanium.
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The second and perhaps most widely used method i s  th e  four p o in t 
probe technique. This method co n s is ts  o f four sharp needle probes
which a re  p laced  a  fix ed  d is tan ce  ap a rt on the  f l a t  su rface  o f th e
m a te ria l to  be measured. A cu rren t flows through th e  o u te r  probes 
and the  vo ltage  i s  measured across th e  inner probes. The technique 
in  th is  method i s  to  keep th e  probe spacing dimensions sm all which 
can o rd in a rily  lead  to  serious measurement d i f f i c u l t i e s  i f  care i s  
no t taken. The e f fe c ts  o f  increased  c a r r ie r  concen tra tion  a t  the  
con tacts due to  c a r r ie r  in je c tio n  i s  s ig n if ic a n t when th e  dimensions
are  sm all, because the  excess concen tra tion  o f m inority  c a r r ie rs  
w i l l  a f fe c t  th e  p o te n tia l  o f o th e r  con tacts  r e s u l t in g  in  an enhanced 
conductiv ity . This in je c t io n , however, i s  prevented o r  very s ig n i­
f ic a n tly  reduced by good contact which can be accomplished by mechan­
ic a l ly  lapp ing  th e  surface on which the  probes r e s t .
The fo u r p o in t probe method which e lim inates  th e  disadvantage 
o f m etal-sem iconductor r e c t ify in g  con tac ts  and m inority  c a r r ie r  in ­
je c t io n ,  a lso  perm its measurement o f  r e s i s t iv i ty  in  samples having 
a  wide v a r ie ty  o f s iz e s  and geom etric shapes, inc lu d in g  sm all volumes
which may be imbedded in  a la rg e r  semiconductor volume such as an n
reg ion . The fo u r p o in t probe method applied  to  a  se m i- in f in ite  
volume o f semiconductor m a te r ia l,  fo r  measurements o f th e  semicon­
ductor when th e  boundaries are  conductors and non-conductors has been 
presen ted  in  d e ta i l  by Valdes [17]•
The method, although the  most po p u lar, su ffe rs  from th e  disadvan­
tag e  th a t  measurements fo r  a  given conductiv ity  depend on th e  shape
and upon th e  m a te r ia l on which th e  semiconductor i s  ly in g . The tru e
r e s i s t i v i t y  value i s  obtained by an ap p ro p ria te  c o rrec tio n  fa c to r  
which v a rie s  w ith  th e  shape, s ize  and m a te ria ls  ad jacen t to  th e  
boundaries [ 17] •
The th i r d  method, although not as popular as the  fo u r p o in t probe 
i s  commonly used and i s  a  th re e  p o in t techn ique, in  which th e  poten­
t i a l  o f th e  rev e rse  breakdown vo ltage o f th e  m etal-sem iconduct po in t
( re c tify in g  con tac t i s  measured. The method c o n s is ts  o f  th re e  probes, 
two o f which a re  cu rren t probes and th e  o th e r a p o te n tia l  probe which 
measures the  vo ltag e  across the  d e p le tio n  la y e r . A ty p ic a l  app lica­
t io n  fo r  the  th re e  p o in t probe would be in  th e  measurement o f an n - 
type e p ita x ia l  la y e r  which i s  grown on an n+ su b s tra te . The n+ sub­
s t r a t e  has in  g en e ra l, a  much lower r e s i s t i v i t y  than th e  n e p i ta x ia l
la y e r , so th a t  th e  major p o rtio n  o f th e  cu rren t flow which i s  through
th e  su b s tra te  r e s u l ts  in  a  s u b s ta n tia l  p o te n tia l  across th e  dep le tion  
la y e r . The r e s i s t i v i t y  o f the  n la y e r  i s  determined by in c reasin g  
th e  reverse  vo ltage  u n t i l  a  vo ltage breakdown occurs. The breakdown 
which i s  a n o n -d estru c tiv e  avalanche e f fe c t  depends on th e  m a te ria l 
to  be measured, th e  composition o f  th e  p o in ts ,  and th e  p o in t contact 
p ressu re . An expression  fo r  the  v a r ia t io n  of breakdown vo ltag e  as a
function  o f r e s i s t i v i t y  to g e th e r w ith  th e  r e s u l ts  fo r  th e  commonly
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used Osmium p o in ts  on n type s i l ic o n  found by a  le a s t  sqares computer
an a ly s is  i s  a v a ilab le  [18]. I t  has been shown th a t  th e  d ep le tio n  
w idth which in creases  w ith  rev erse  vo ltage must be le s s  than th e  
width o f th e  n la y e r , otherw ise the  breakdown w i l l  be a  function  of 
th e  th ick n ess  [ 19- 21].
The b as ic  advantage th a t  the  th re e  p o in t probe has over the  four 
p o in t probe i s  th a t  i t  i s  independent o f  th e  sample geometry provided
th a t  th e  p o te n tia l  probe i s  a t  a  d is tan ce  g re a te r  than th e  d ep le tio n  
w idth from th e  rev erse  b iased  co n tac t. However, some aspects o f  th is  
method which are  no t d e s ira b le , include a  r e s t r i c te d  r e s i s t i v i t y  
range o f about one o rder o f magnitude [ 18- 22] (0 .1  to  1 .0  ohm-cm) and 
th e  n ec e ss ity  o f a c a l ib ra t io n  curve. The c a lib ra tio n  curve i s  ob­
ta in e d  by measuring th e  breakdown voltage o f  n o n -e p ita x ia l chem ically 
p o lish ed  samples o f known r e s i s t i v i t y .  This c a lib ra tio n  curve o f 
breakdown vo ltage  vs. r e s i s t i v i t y  i s  then used to  measure th e  r e s i s t i ­
v i ty  o f e p i ta x ia l  la y e rs . A lso, the  th re e  p o in t probe measurement i s  
dependent on probe c h a ra c te r is t ic s  such as p o in t m a te r ia l, p o in t 
r a d iu s , p o in t loading and probe spacing.
A ll o f th e  th re e  con tact methods have th e  advantage th a t  th e  meas­
urements y ie ld  the d. c . o r  low frequency conductiv ity  d ire c t ly  whereas
th e  new method considered in  t h i s  th e s is  w i l l  r e s u l t  in  an o p tic a l 
co n d u c tiv ity . I t  w i l l  be shown th a t  th e re  i s  a  re la tio n sh ip  between 
th e  o p tic a l  conductiv ity  (measured in  th e  v is ib le  range o f 400-700 ran)
and th e  value o f th e  low frequency conductiv ity  thereby making th is  
method p a r t ic u la r ly  d e s irab le  and unique.
A b r ie f  review  o f  the  rem aining chapters o f  th i s  th e s is  w il l  now 
be p resen ted  in  an attem pt to  show a re la tio n s h ip  between the  various 
p a r ts  o f  th i s  work. Chapter 2 w i l l  co n s is t o f  th e  theory necessary 
to  develop th e  re la tio n sh ip  between th e  o p tic a l  conductiv ity  as ob­
ta in ed  by th e  o p tic a l  constan ts and th e  low frequency conductiv ity  as 
determ ined by th e  m obility  and m ajo rity  c a r r ie r  d en s ity . Expressions
fo r  the  o p tic a l  constan ts w i l l  f i r s t  be obtained by considering a  
complex propagation  constant in  Maxwell's Equations. The Eresnel 
r e la tio n sh ip s  between th e  r a d ia tio n  in c id en t on th e  semiconductor 
surface and th e  s ta te  o f p o la r iz a tio n  of the  r e f le c te d  waves r e s u l ts  
in  th e  expressions which determ ine th e  o p tic a l constan ts  in  terms o f 
param eters which are measured experim entally . The e le c t r ic  p o la r i­
za tio n  caused by th e  displacem ent o f  the  e le c tro n s  in  the  m ate ria l 
from t h e i r  r e s t  p o s itio n s  as caused by the in c id en t ra d ia tio n  f ie ld  
i s  considered n ex t. This i s  necessary  fo r  rap id ly  varying f ie ld s  
such as o p tic a l  f ie ld s  where the  e f f e c t  o f t h i s  e le c t r i c  d ipo le  mo­
ment i s  no t n e g lig ib le  and does co n trib u te  to  th e  e le c t r i c  d isp lace­
ment v ec to r. A so lu tio n  to  th e  l in e a r  d i f f e r e n t ia l  equation fo r  
conditions in  which th e  e le c t r i c  p o la r iz a tio n  i s  no t n e g lig ib le  i s
in v e s tig a te d  fo r  r e a l  resonances which are re a liz e d  a n a ly tic a lly  by 
tak in g  damping conditions in to  account. The r e s u l t s  a t  the  resonant 
frequency: a re  o s c il la t io n s  o f f i n i t e  am plitude, a  consequence o f the
in tro d u c tio n  of th e  danping f a c to r .  The C lausius-M ossotti r e la t io n ­
sh ip  i s  then  considered and th e  r e s u l t in g  expressions fo r  th e  r e a l  
r e f r a c t iv e  index and the  ex tin c tio n  c o e f f ic ie n ts  are ob tained . These 
c o e ff ic ie n ts  determ ine th e  o p tic a l conductiv ity  th e o re t ic a l ly  which 
i s  then  compared w ith  th e  o p tic a l  conductiv ity  measured by th e  proce­
dure explained in  Chapter 3.
I t  i s  found experim entally  th a t  th e  r e a l  r e f r a c t iv e  index agrees 
favorably  w ith th e  r e s u l ts  obtained by th e  a n a ly tic a l  expression  
whereas th e  absorp tion  c o e ff ic ie n ts  determ ined from measured d a ta  
d ev ia tes  somewhat from th e  values obtained by th e  a n a ly tic a l  expres­
sion . This i s  re so lv ed , however, by th e  co nsidera tion  o f th e  band 
theory  o f sem iconductors, in  p a r t ic u la r  th e  ro le  played by c a r r ie r s
in  making t ra n s i t io n s  from the  valence band to  th e  conduction band 
caused by th e  ra d ia tio n  f ie ld .  The band gap o f s il ic o n  o f about 1 .1
ev i s  le ss  than the  photon energies in  th e  v is ib le  reg ion  which are  
approximately in  th e  range o f  2-3 ev. The find ings o f th i s  study 
shows th a t  the measured absorp tion  c o e f f ic ie n t a t  o p tic a l frequencies 
i s  co n s is ten t w ith  th e o re t ic a l  p re d itio n s  as determined by a  t r e a t ­
ment o f quantum m echanical p r in c ip le s  as app lied  to  in terband  t r a n s i ­
t io n s .  The th e o re t ic a l  p re d ic tio n s  d ic ta te  th a t  the  absorp tion  coef­
f ic ie n t  should vary e s s e n t ia l ly  as th e  square o f  th e  photon energy 
fo r  energ ies above but n ea r the  in d ire c t  band gap (1 .1  ev) and as the  
square ro o t o f the  photon energ ies n ea r th e  d ire c t  band (2 .6  ev ).
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The experim ental procedure described  In  Chapter 3 e s s e n tia l ly  I s  
a method using  monochromatic ra d ia tio n  In  th e  v is ib le  range in  a  
narow co llim ated  beam which i s  in c id en t on th e  semiconductor su rface . 
The r e f le c te d  beam i s  p o la riz ed  and p re fe re n t ia l ly  normal to  th e  
plane o f incidence when th e  in c id en t ra d ia tio n  angle i s  a t  th e  p o la r i ­
z a tio n  ang le. The semiconductor sample i s  ro ta te d  so th a t  th e  in c id en t
ra d ia tio n  angle can be changed and the  re f le c te d  ra d ia tio n  observed.
The measured angle fo r  which th e  re f le c te d  wave v ec to r (measured as 
an in te n s i ty )  normal to  th e  in c id en t plane i s  a  minimum i s  th e  p o la r i ­
z a tio n  angle a lso  ca lled  th e  Brewster Angle. This measured p o la r iz a ­
t io n  angle and the  values o f th e  in te n s i t ie s  o f both the  r e f le c te d  
conponents p a r a l le l  and normal to  th e  in c id en t plane are  used to  de­
term ine th e  r e f ra c tiv e  index and the  absorp tion  c o e f f ic ie n t .  The pro­
cedure i s  repeated  a t d if f e re n t  wavelengths between 2 and 3 ev and 
a lso  fo r  semiconductor w afers o f d if fe re n t r e s i s t i v i t i e s .
The th e o re t ic a l  and experim ental r e s u l ts  a re  included in  Chapter 4. 
The measured values o f th e  index o f r e f r a c t io n ,  absorp tion  c o e f f ic ie n t 
and o p tic a l  co n d u c tiv itie s  a re  shown g rap h ica lly  as a  function  o f  photon
energy and compared w ith th e  expressions fo r  th ese  param eters derived
by th e  phenomenological model using  th e  C lausius-M ossotti r e la t io n  and 
the expressions fo r  th e  absorp tion  c o e ff ic ie n t as determ ined by th e  
Quantum mechanical model. I t  i s  shown here th a t  th e  expressions fo r  
the  abso rp tion  c o e ff ic ie n t agrees w ith the  Quantum mechanical model.
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The p lo t  In  th e  reg ion  between th e  In d ire c t and d ire c t  band gap shows 
th a t  th e  absorp tion  c o e ff ic ie n t v a rie s  as the photon energy ra ise d  to  
a  power between one h a lf  and two. I t  i s  no t th e  aim o f  th is  th e s is ,  
however, to  determine the  exact em pirica l re la tio n s h ip  which e x is ts  
in  th is  reg ion  fo r  th is  would n e c e s s ita te  considerable more da ta  
taken over a  w ider range o f  wavelengths extending in to  the  in f ra - re d  
and u l t r a v io le t .  The o p tic a l  reg ion  was chosen because o f i t s  d e s ir ­
a b i l i ty  fo r  in strum entation  and convenience fo r  measurement.
The o p tic a l  conductiv ity  shown to  be r e la te d  to  th e  low frequency 
conductiv ity  i s  then compared fo r  d if fe re n t nominal values o f low 
frequency conductiv ity  as measured by a  four p o in t probe.
A comparison between th e  th e o re t ic a l  and experim ental r e s u l ts  i s  
given in  Chapter 4, and a  d iscu ss io n  o f  the  r e s u l ts  in  Chapter 5.
1 .2  H is to r ic a l  Background
The c la s s ic a l  theory o f o p tic a l  p ro p e rtie s  o f so lid s  which i s  
based on Maxwell’s Equations y ie ld s  the  e x tin c tio n  c o e f f ic ie n t ,  k , 
and th e  r e f r a c t iv e  index w ith  i t s  dependence on frequency but does 
not give an exp lanation  fo r  th e  frequency dependence. When th e  
frequency I s  in  the  o p tic a l range, th e  wavelength o f th e  ra d ia tio n  
i s  only s e v e ra l orders o f magnitude g re a te r  than  th e  atomic d is ­
tan ces . Consequently, an atomic model i s  necessary  in  an attem pt 
to  exp la in  th e  r e s u l ts  obtained experim entally .
The theory  developed by Lorentz [2 3 ], in  1880, in d ic a ted  th a t  a
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simple atomic model can account fo r  th i s  frequency dependence. The 
model assumes th a t  e lec tro n s  In  th e  m a te ria l a re  bound e la s t i c a l ly  to  
th e i r  equ ilib rium  p o s itio n s  and a re  a lso  sub jec t to  a  damping force 
which i s  p ro p o rtio n a l to  th e  v e lo c ity . A s im ila r  th eo ry  developed by 
Drude [24] and Zener [25] was based on th e  assunption th a t  the  e le c t­
rons are  f re e  and included only a  danping term. This theory  i s  most
app licab le  to  th e  case o f m etals where th e re  a re  as many fre e  e lec tro n s  
as th e re  a re  atoms, whereas th e  Lorentz theory i s  more general and a 
b e t te r  model fo r  semiconductors.
Measurements o f  th e  o p tic a l param eters fo r  la y e rs  o f  various 
m ateria ls  immersed in  a  medium have been obtained by determ ining th e  
re fle c ta n c e  a t  normal incidence [27-29]. The values fo r  germanium was 
measured in  th e  v is ib le  region by O'Bryan [30] using  a  r e f le c t io n  
method not a t  normal inc idence , but h is  values d isag ree  w ith  the  r e s u l ts  
o f  B ra tta in  and Briggs [31] who measured transm ission  through a  th in  
evaporated la y e r , w ith  th e  r e s u l ts  o f  o th e r re f le c ta n c e  techniques by 
Archer [32] and w ith  those ob tained  by P h ilip  and T aft [33-34]. R esu lts
fo r  in t r in s ic  o p tic a l  absorption  in  both  germanium and s i l ic o n  were r e ­
po rted  by Dash and Newman [35]» The experim ental procedure used by
Dash and Newman [35] fo r  s in g le  c ry s ta l  m a te ria l req u ired  accurate  
measurement o f th e  th ickness sairples which were in  th e  o rder o f  about 
10 m icron, and th e  measurement o f  th e  ra d ia tio n  which was absorbed in
transm ission . The d a ta  taken only fo r  th e  absorp tion  c o e ff ic ie n t was
for wavelengths in excess of 6300 X.
Archer [32] measured the o p tic a l  constan ts fo r  germanium in
o o
th e  range o f  3600 A to  7000 A and used a  non-normal re fle c ta n c e  
technique [ 36] in  which i t  was shown th a t  th e  o p tic a l  constants 
were not dependent on the angle o f  incidence as had been repo rted  
prev iously  [37]. He a lso  showed th a t  th e  e f fe c t  o f  an oxide film
O
o f 10 A would cause a  v a r ia tio n  from 2% to  30% fo r  th e  ex tin c tio n  
c o e f f ic ie n t k and o f 0 . 6% to  5% in  th e  value o f th e  re f ra c t iv e  
index n .
Thin film s which e x is t  on su b s tra te s  which a re  in  general ab­
sorbing are d i f f i c u l t  to  analyze and approximation techniques are 
commcnly used. The so lu tio n  to  th ese  types o f problems are 
re a liz e d  by th e  use o f g rap h ica l methods. When th e  film  i s  very 
th ic k  and abso rp tion  appreciab le  so th a t  m u ltip le  re f le c t io n s  are 
minimized, then  standard  techniques fo r  measurement on bulk 
m ate ria ls  may be used [28- 29] .
Schumann e t  a l  [38] measured th e  o p tic a l  constan ts  o f  s il ic o n
in  the  in f ra - re d  by using  a spectro-photom eter m odified so as to
measure both th e  re fle c ta n c e  and transm ittance  a t  normal incidence.
The values fo r  th e  r e f r a c t iv e  index n and the e x tin c tio n  c o e ff ic ie n t
15 qk are  measured fo r  c a r r ie r  concen tra tions ranging from 10 cm -j to  
1019 cm- ^ and fo r  wavelengths extending from 2.5 urn to  40 um. The 
d a ta  i s  then compared to  c a lc u la tio n s  ob tained  from a th e o re t ic a l
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model [39] which assumes sem ic la ss ica l f re e  c a r r i e r  abso rp tion . The 
d a ta  appears to  agree w ith  the  th e o re t ic a l  model fo r  sh o rt wavelengths
but dev ia tes s u b s ta n tia l ly  a t  th e  longer wavelengths.
Measurements to  determine th e  c a r r ie r  concen trations o f s il ic o n  
[40] using an in f ra - re d  He-Ne (3*391 urn) Laser as a  p o la r iz ed  l ig h t
source have been made fo r  n type and p type s i l ic o n  and compared w ith 
plasma resonance. The method c o n s is ts  o f  in f ra - re d  r a d ia tio n  which i s  
p o la rized  in  th e  p lane o f incidence and a  d e te c to r  which measures the  
re f le c te d  ra d ia tio n  so as to  determ ine th e  p o la r iz in g  angle which
occurs when th e  r e f le c te d  wave v ec to r i s  a  minimum.
The values o f n and k may be used to  c a lc u la te  th e  r e a l  and im­
aginary p a r ts  o f  th e  d ie le c t r ic  constan t a t  any wavelength. The values 
o f th e  r e a l  and im aginary p a r t o f  th e  d ie le c t r ic  constan t a re  not in ­
dependent. The Kramers-Kronig [41-42] r e la t io n  shows th a t  i f  n and k
are  known fo r  a l l  freq u en c ies , th e  r e a l  and imaginary p a r ts  o f the 
d ie le c t r ic  constant can be determ ined a t  any frequency. This has es­
s e n tia l ly  a lso  been done by Bode [43] and th i s  method to  o b ta in  the




2.1  Absorption o f  Electrom agnetic R adiation  In  M atter
(s.) Maxwell’s equations fo r  electrom agnetic waves In  semi­
conductors. The o p tic a l  p ro p e rtie s  o f semiconductors In  general are  
ch arac te rized  by a  r e la t iv e ly  high r e f l e c t iv i ty  and high absorp tion  o f
v is ib le  ra d ia tio n . The transm ission  o f wavelengths in  th i s  reg ion  Is
sm all and d i f f i c u l t  to  d e tec t experim entally  unless th e  m a te r ia l has a  
th ickness o f about a  wavelength o f  th e  ra d ia tio n . I t  i s  th e re fo re
more advantageous to  o b ta in  the o p tic a l  p ro p e rtie s  o f semiconductors 
by a  re fle c ta n c e  technique when th e  frequency o f ra d ia tio n  i s  in  the  
v is ib le  range. The o p tic a l  p ro p e rtie s  o f  m a te ria ls  are  rep resen ted  by 
two co n s tan ts , namely, th e  r e f r a c t iv e  Index, n^ , and th e  ex tin c tio n  
c o e f f ic ie n t ,  k.
The e le c t r ic  f ie ld  o f a plane electrom agnetic wave o f  frequency
propagating  in  th e  p o s itio n  x d ire c tio n  w ith a v e lo c ity  v i s  given by 
E = E0 e i2 l ,v  ( t  -  x /v) (1)
Consider th a t  the  v e lo c ity  o f propagation o f th e  wave in  a  medium 
i s  in  general
v = c /n ' (2 )
where n ' i s  the  complex index o f  re f r a c t io n  given by th e  o p tic a l
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constan ts nr  and k so th a t
n» = nr  -  ik  (3 )
Considering th a t  th e  ra d ia tio n  I s  propagating  through a  homogeneous 
sanple having a  perm eab ility  y , a  p e rm itt iv ity  E„, and a  conductiv ity
a  ci
a , i t  i s  p o ssib le  to  f in d  n  and k as a  function  o f y , E , a and v
Jl ci ci
Using Maxwell's equations fo r  a  p lane electrom agnetic wave in  
th e  medium
V • D = p (H)
V • B = 0 (5)
V x E = -  | |  (6 )
V X H = J  + | 2  - (7 )
and assuming th a t  th e  semiconductor i s  an uncharged homogeneous
is o tro p ic  and l in e a r  medium, then in  th e  charge f re e  region
V • D = 0 (8 )
V • E = 0 (9)
Taking th e  c u r l o f  (6 ) and fo r  a  l in e a r  medium s u b s ti tu tin g  y H fo r  Ba.
V x (V x E) = -  ^  (V x yaH) (10)
Using (7) and (10), s u b s t i tu t in g  e E fo r  D, y^ y = y . ee for* eQ
ci r  v a o . a
and th e  f a c t  th a t  fo r  any v ec to r
V x (V x E) = V (V • E) -  V2E (11)
_  2
then i f  yveQ i s  rep laced  by C~
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V 2 B - - S -  —  -  u V —  = 0 (12)
c2 st v at
where C I s  th e  speed o f l i g h t ,  y i s  the  r e la t iv e  p e rm eab ility , yQ i s
th e  perm eab ility  o f f re e  space, e i s  the  d ie le c t r ic  constant and eQ 
i s  th e  p e rm itt iv ity  o f  f re e  space. The value o f  th e  r e la t iv e  perme­
a b i l i ty  y = 1 fo r  semiconductors when the  e x c ita t io n  frequency i s  in
th e  v is ib le  reg ion . T herefore , th e  l in e a r i ty  cond ition  assumed 
which rep laces  y H fo r  B i s  s a t i s f ie d .  The o th e r  condition  o f l in e -
cl
a r i ty  i s  to  show th a t  J  can be rep laced  by crE. This cond ition  i s
s a t i s f i e d  in  m etals where th e  l in e a r  range i s  la rg e , th a t  i s  to  say ,
th a t  th e  range o f cu rren t d e n s itie s  where J  = aE i s  la rg e . I t  was 
in d ic a te d  th e o re t ic a l ly  by W. Shockley [45] in  1951, th a t  d epartu res  
from Ohm’s Law fo r  semiconductor i s  more l ik e ly  than in  m etals when 
sub jec ted  to  a  la rge  e le c t r i c  f ie ld .  Shockley [45] showed th a t
yn yn 2 3tt y e  2
< t  > - ( v  > = 32 * > <13>
where y i s  th e  m obility  in  an e le c t r ic  f i e ld  E, yQ i s  the sm all f ie ld  
m obility  and u i s  th e  v e lo c ity  o f sound in  th e  m a te ria l.
The v a r ia tio n  o f y w ith  the  e le c t r i c  f i e ld  was v e r if ie d  ex p eri­
m entally  fo r  n -type germanium by A rthur, Gibson and G ranville  [46] 
and th e  v a r ia tio n  was found to  agree reasonably  w ell w ith  equation
(13). They found th a t  th e re  were observable departu res in  th e  mo­
's
b i l i t y  in  f ie ld s  as low as 10J volt/cm .
The condition  necessary  fo r  y to  be independent o f th e  e le c t r i c
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f ie ld  i s  from equation ( 13)
o
(14)
The sm alle s t value th a t  th e  r ig h t  hand s ide  o f  equation (13) can have 
i s  when yQ i s  a  maximum. This i s  tru e  fo r  l ig h t ly  doped s i l ic o n  when 
both th e  m inority  and m ajo rity  c a r r ie r s  a re  s ig n if ic a n t  in  determ ining 
th e  m o b ility . The e lec tro n  d r i f t  m obility  yn in  bo th  n -type and p -
S e lec tin g  yn = 1500 cm2-v o lt - s e c  fo r  high r e s i s t i v i t y  m a te ria l (p > 50 
ohm-cm) and assuming u = 5 x 105 cm/sec fo r  th e  v e lo c ity  o f sound in  
s i l ic o n ,  i t  i s  found th a t  th e  value of E must be le s s  than 330 volt-cmT1.
The in te n s i ty  o f th e  l ig h t  to  be used in  th e  experiment i s  a t  a 
le v e l low enough so th a t  E «  330 volt-cm""1. Therefore the m obility  
and consequently a lso  th e  conductiv ity  w il l  be assumed to  be indepen­
dent o f  th e  e le c t r i c  f ie ld .  Thus equation (12) becomes
(b) Absorption c o e f f ic ie n t and i t s  re la tio n s h ip  to  th e  o p tic a l 
co n stan t. The absorp tion  c o e f f ic ie n t can in  g en era l be determ ined by 
considering  how th e  ra d ia tio n  in te n s ity  changes in  th e  medium. This 
can be found by knowing th e  value o f  k which i s  in  tu rn  re la te d  to  
n .' T herefore , using equations ( l )  and (15) gives
type m a te r ia ls  i s  la rg e r  than  th e  hole m ob ility  y in  both m a te r ia ls ,
k*
although th e  r a t io  o f yn/y ^  i s  sm aller as th e  doping in creases  [47-48].
e 32E 3E
V 2 E -----------------u a —  = 0
C2 3 t2 V 3t
(15)
1 e i  yya
(16)
v 2 C 2 2 ttv
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and from equations (2 ) and (3)
1 n 2- k 2 1 2n k
—  = —-------------------------------------------------------------------------- (17)
v 2 C2 C2
T herefore , equating  r e a ls  and im aginaries
nr 2 -  k 2 = e (18)
and
U C
ry e  = T ± r  (W )
Using (18) and (19) and so lv ing  fo r  nr  and k gives
v  = f -  <20>a
and
-  f -  t 1 + ( 5 ^  )2 ]1/2 -  1 (21)
a
Since e = ee , e = ------------  fa rad /m eter, c = 3 x 108 m/s
a 0 0 36 x 109
anh
v = c/X  (22)
where X i s  th e  ra d ia tio n  wavelength, then
n 2 = l  + [ 1 + ( ^  ) 2 ]V 2  (23)
J. c.
and
k 2 = | -  [ l  + ( ) 2 ] 1 /2  -  1 (24)
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where n^ , k , a and E a re  a l l  dependent on A. A lso , using  th e  value 
o f C and = 4tt x 10“ 7 henry/m eter, g ives using  equation (19)
n k
a = (25)
The value o f  th e  e x tin c tio n  c o e f f ic ie n t ,  k , i s  r e la te d  to  th e  absorp­
t io n  co n s tan t, a ,  by considering  the  a v a ila b le  volume power d en sity
a t  a  d is tan ce  x In th e  m a te r ia l which i s  due to  an in c id en t e le c t r i c
f i e ld  a t  th e  su rface . Using (1)
e - M  = seM jO = e-%vk x (2g)
p (o) aE2 (o) C
and d efin in g
a  -  ^  (27)
then
2J *1  = (28 )
p (o)
The ^ p l i c a t i o n  of M axwell's equations fo r  a  p lane wave propagating  in  
a  semiconductor medium has led  to  th e  expression  fo r  the  conductiv ity  
given by equation (25). The frequency dependent conductiv ity  given by 
th i s  expression  i s  c a lle d  th e  o p tic a l  cond u ctiv ity  when th e  wavelength 
o f the  ra d ia tio n  f ie ld  i s  in  o r n ea r the v is ib le  spectrum. This value 
o f a i s  in  general d if f e re n t  than  the  low frequency conductiv ity  aQ.
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The expression  fo r  aQ I s  determined by considering
J 0 = cfQ E0 (29)
and th e  concept th a t  th e  cu rren t d e n s ity , J Q, due to  th e  e le c t r ic  
f i e ld ,  Eq , i s  in  general determined by two types o f  c a r r ie r s  which 
fo r  semiconductors a re  the  e le c tro n s  and the h o le s , th e re fo re
J  = q < v > n  + q < v > p  (30)o M e ^ p ^
where n i s  th e  e le c tro n  d e n s ity , p i s  the  hole d e n s ity , <vg> i s  the 
average e le c tro n  d r i f t  v e lo c ity , <v > i s  the average hole d r i f t  velo-
c i ty ,  and q , th e  e le c tro n ic  charge.
The a c c e le ra tio n  o f both the  e le c tro n s  and ho les  due to  a  con­
s ta n t e le c t r i c  f i e ld  w i l l  cause a  constant a c c e le ra tio n . The average 
v e lo c i t ie s  o f both  e lec tro n s  and ho les can be expressed as
< v  = , e ( a )
and
< v  ■ (3 2 )
where mg* i s  th e  e le c tro n  e f fe c tiv e  mass, m^# i s  th e  ho le  e f fe c tiv e  
mass, re  and xh are  e le c tro n  and hole l ife tim e  re sp e c tiv e ly .
Using equations (29), (3 0 ), (31) and (32)
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«„ -  ^  + (33)
eo
where oq as obtained in  equation  ( 33) i s  a  w ell known r e s u l t .
2 .2  Sem i-C lassical Model o f  Absorption o f R adiation  fo r  Elem ental
Semi conductors
(a) General d e sc rip tio n . The expression  fo r  the co n d u c tiv ity , 
cr, given by (25) w il l  be used to  determine a conductiv ity  by using  
values o f n^ and k measured a t  a p a r t ic u la r  value o f  th e  wavelength, 
X. In  ad d itio n , th e  measured value o f  a w i l l  a lso  be compared to  a  
th e o re t ic a l  wavelength dependent value o f a . T h eo re tica l values fo r  
nr  and k using (23) and (24 ), however, can not be obtained e x p l ic i t ly  
un less  both  e and o a re  sp e c if ie d . Expressions fo r  n^ and k which 
w i l l  be independent o f  e and a , w il l  be obtained  by considering  what 
appears to  be a  reasonable th e o re t ic a l  model. The model describ es  
th e  p h y s ica l p r c p e r t i t ie s  o f  th e  medium in  te rn s  o f constan ts which 
can be sp e c ifie d .
A ll c le a r  tra n sp a re n t m a te ria ls  have normal d isp ers io n  charac­
t e r i s t i c s  in  th e  v is ib le  reg ion . Normal d isp e rs io n  i s  th e  condition  
whereby th e  r e f r a c t iv e  Index of a  m a te r ia l decreases as th e  wave­
leng th  i s  increased . The normal d isp e rs io n  p ro p e rtie s  o f gases was 
f i r s t  explained by Cauchy [49, 50] in  which th e  r e f r a c t iv e  index nr  
was shown to  be dependent on the wavelength, X, by
nr  = A + B/Xz + C /^  + ...........  (34)
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I t  i s  u su a lly  only necessary to  r e ta in  th e  f i r s t  two terms which 
gives reasonable agreement w ith  experiment in  th e  v is ib le  reg io n , but 
i s  no t s a tis fa c to ry  in  the  in f r a - r e d  reg ion . I t  i s  in  th e  cross-over 
reg io n , where fo r  tra n sp a ren t m a te r ia ls ,  th a t  th e  r e f r a c t iv e  index 
undergoes an anomalous d isp e rs io n . The value o f n f a l l s  o f f  more 
rap id ly  than  in d ic a ted  by (3*0 u n t i l  th e  ra d ia tio n  approaches an ab­
so rp tio n  band where i t  i s  almost e n t i re ly  absorbed. The r e f ra c tiv e  
index then  in c reases  and reaches a  peak as the wavelength i s  in ­
creased. A fu r th e r  increase  in  wavelength r e s u l ts  in  a  decrease in  
both th e  re f r a c t iv e  index and th e  absorp tion  c o e f f ic ie n t .  The ab­
so rp tion  band i s  dependent on th e  p h y s ica l p ro p e rtie s  o f th e  m a te ria ls  
and i s  in  general not lim ited  to  any p a r t ic u la r  p o r tio n  o f th e  f re ­
quency spectrum. The peak value o f  n^ in  the  anomalous d isp ersio n  
curve fo r  th e  semiconductor s i l ic o n  has been found to  be in  the
O
v is ib le  spectrum a t  a  wavelength o f about 4000 A (3 .3  ev) [33] and 
a t  about 6000 A (2 .1  ev) fo r  germanium [3*0.
C le a rly , the  Cauchy expression  which i s  v a lid  in  only a  lim ited  
normal d isp e rs io n  reg ion  i s  no t ap p licab le  fo r  m a te r ia ls  such as s i l i ­
con which e x h ib it an anomalous d isp e rs io n  in  th e  v is ib le  reg ion . A 
model which w il l  lead  to  an app rop ria te  expression fo r  n^ and k as a  
function  o f wavelength can be re a l iz e d  by considering  th a t  th e  charge 
c a r r ie r s  in  a substance are  bound e la s t ic a l ly  to  the  atoms and a re  
caused to  v ib ra te  by th e  e x c itin g  e le c t r ic  f ie ld  o f the  ra d ia tio n .
Then the  re s to r in g  fo rce  th a t  bounds th e  e le c tro n  to  i t s  equ ilib rium  
p o s itio n  can be considered to  be p ro p o rtio n a l to  i t s  displacem ent.
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Damping i s  a lso  e s s e n tia l  in  considering  an app rop ria te  model 
because i t  i s  necessary  to  account fo r  th e  d iss ip a tio n  o f energy 
caused by c o ll is io n s  between c a r r ie r s  and atoms and th e  em ission o f 
ra d ia tio n  due to  th e  v ib ra tin g  e le c tro n s .
The elem ental semiconductors such as s i l ic o n  do not e x h ib it p o la r  
c h a r a c te r is t ic s ,  th a t  i s ,  they do not in  general have a  re s u l ta n t  
e le c t r i c  d ipole moment in  th e  absence o f  an ex te rn a l e le c t r ic  f ie ld .  
The e le c t r ic  d ipo le  moment in  elem ental semiconductors i s  generated 
when a  displacement between th e  n u c le i and e lec tro n s  i s  caused by an 
e le c t r i c  f ie ld .  Consider th a t  th i s  d ip o le  moment p i s  given by
in  th e  m a te r ia l a c tin g  on th e  p a r t ic le s .  The t o t a l  e le c t r i c  moment 
p e r  u n it volume P due to  N atoms p e r u n it  volume i s
(35)
where otp i s  th e  p o la r iz a b i l i ty  and E' i s  th e  e f fe c tiv e  e le c t r ic  f ie ld
?  = NaS’ (36)
The expressions fo r  the  e le c t r ic  f i e ld ,  E’ , given by
(37)
and fo r  th e  d ie le c t r ic  constant e ’ ,
(38)
which when used w ith  (36) g ives th e  p o la r iz a b i l i ty  ap as
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3e0 e* -  1
(39)aP N e ' + 2
Equation (39) i s  th e  C lausius-M ossotti r e la t io n .[5 1 j5 2 ] .  O rd in arily
re p la c in g  e ' by n^2gives the  Lorentz-Lorenz cond itions [53,54] whereas
. z
in  t h i s  study i t  w i l l  be assumed th a t  e* be rep laced  by n ' so th a t
3e0 n ' 2 "  1
a  = —-  ----------- (40)
P N n ' 2 + 2
where e r i s  considered to  be conplex in  g en era l. I t  follow s from (16 ) 
th a t  e ' can be rep resen ted  by
and i f  th e  co n trib u tio n  due to  th e  magnetic f ie ld  can be n eg lec ted , 
then
Equation (43) i s  a  v a lid  approximation fo r  a  semiconductor because the 
v e lo c i t ie s  o f th e  c a r r ie r s  in  a  non-degenerate semiconductor can be
considered  to  e s s e n tia l ly  have a  maxwellian d is t r ib u tio n .
(41)
Assuming th a t  th e  c a r r ie r s  o f  charge, q , a re  ac ted  on by a  
Lorentz fo rc e , where
(42)
?  = q£' (43)
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Consequently, th e  average en ergy  o f  th e  c a r r ie r s  a t  room ten p era tu re  
i s  sm all r e s u l t in g  in  a  c a r r i e r  v e lo c ity  which i s  sm all when conpared 
to  th e  speed o f  l ig h t .
The d i f f e r e n t ia l  equation  which describ es  th e  motion o f the  
e le c tro n  when sub jec ted  to  an e le c t r ic  f ie ld  E r i s
m#d2  + g d |  + ay = qfr
d t 2 dt
m
where m* i s  th e  e f fe c tiv e  mass o f the  c a r r ie r ,  g i s  th e  damping con­
s ta n t and a  th e  e la s t ic  co n stan t. I f  the  e le c t r i c  f ie ld  o f angu lar
frequency, to, producing a  d ipo le  in  the  medium i s  given by
S' = S0 ’elwt (45)
then the so lu tion  to  equation (44) becomes
q E ’
£ = ------------------------------ (46)
i #  (toQ2 -  to2 ) + icog
where toQ i s  given by
too2 = (47)rrr*
R ealiz ing  th a t  each e le c tro n  co n trib u tes  a d ipo le  moment p such th a t
(48)p = qy
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then using  (48), (35) and (36) g ives the  p o la r iz a b i l i ty
q
a = ---------    (49)
m* (wQ2 -  u>2) + iwg
and an app rop ria te  expression  in  tenns o f  th e  conplex r e f r a c t iv e  
Index, n» , can be obtained by the  use o f (40) and (49) so th a t
"J2- 1 = Jaf  __________ i _________  (5o)
n ' 2+2 3e m*w 2 1 -  (£ - )2 + i ^ )  (£-) ■
0 0 0
when th e  low frequency conductiv ity  i s  given by
% -  ^  <51)
where x i s  th e  mean f re e  tim e and a lso  c a lle d  th e  re la x a tio n  tim e, 
then (50 ) can be expressed in  terms o f th e  low frequency co n d u c tiv ity .
The value o f the  conductiv ity  oQ i s  found by considering  th e
l im it  o f  equation (5) as th e  frequency approaches zero . Because i t  i s  
known th a t  k approaches zero rap id ly  as m decreases then
n 2- l
a = 3e tco 2 ---------  (52)
0 0 0 «Vo2+2
where n i s  th e  low frequency r e f r a c t iv e  index, ro
D efining ij>0 by
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s ^  (53)n +2 ro
So th a t  from equation (50) becomes
n ' Z-1  *o
1 -  (S -)"  + i  ( J - - )  (?L)n ' +2 '•> 2
(54)
'0 3  'm * 0 3  '  '0 3
0 0 0
, 2
and so lv in g  fo r  n
2 1 + 2 + 126 C >
n  =  ----------------2 ---------“ 2 ----------------------------------------------------------------------------- ( 5 5 )
1 _ jp _ (OL)2 + ±26 ( ± )
r O v0) '  030 0
where a  new damping constan t 6 i s  defined as
S = 3 & T  <56)
0
Because th e  energy o f th e  ra d ia tio n  i s  p ro p o rtio n a l to  th e  
frequency, an expression fo r  n* as a  function  o f th e  photon energy can 
be obtained  from equation
n ' = 1 + 2»„ -  (g ;)  + 126 ( |;3  (57)
1 -  *o -  < r )2 + 126 <§->’0 0
Using equations (3) and (57) and equating r e a l  and imaginary terms y ie ld s
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nr 2 + k 2 =
[1  + 2*0 -  ( f - ) 2] [1  -  *0 -  (g -)* ] + (26)2 ( | - ) 2 
0 0 0
[1  -  -  ( | - ) 2] 2 + (26)2 ( | - ) 2 <58)
o 0
'(59)
The experim ental d a ta  y ie ld s  values o f  nr  and k fo r  photon energies 
between 2 and 3 ev. Inspec tion  o f equations (58) and (59) shows th a t  
th e  values o f n^ and k both measured a t  two d if fe re n t  wavelengths w ill
determ ine Eq and 6 which w il l  conp le te ly  spec ify  nr  and k in  terms o f 
only determined c o e f f ic ie n ts  and th e  photon energy. T herefore , a
th e o re t ic a l  expression  fo r  th e  o p tic a l  conductiv ity  based on the  as­
sumed p h y sica l model can be obtained and compared w ith th e  o p tic a l  
conductiv ity  determ ined by equation (25). The values o f  n^ and k 
used in  equation (25) w il l  be th e  measured values. This comparison 
w i l l  be considered in  d e ta i l  in  Chapter 4.
I t  can be seen from equation (52 ), th a t  th e  conductiv ity  o Q can 
be determined i f  the  re la x a tio n  time t  i s  a lso  known. A re la tio n sh ip
fo r  the  re la x a tio n  time o f p o la r  molecules in  liq u id s  as given by
Debye [55] fo r  an assumed complex p o la r iz a b i l i ty  i s
ad = 1 -  iaiT (60 )d
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where a^Q i s  th e  s t a t i c  p o la r iz a b i l i ty  and i s  th e  d ie le c t r ic  re lax a ­
tio n  tim e. The p o la r iz a b i l i ty  given by equation (49) o f th i s  s tu d y ,
however, i s  no t o f th e  same type o f re la x a tio n  behavior because o f  a 
resonance condition . R ew riting equation (49) g ives
and t defined  as the  recovery time i s  th e  tim e in te rv a l  necessary  fo r  
th e  d is tu rb ed  system to  r e v e r t  to  i t s  i n i t i a l  equ ilib rium  co n d itio n .
Although th e  recovery time i s  not defined in  th e  same way as th e  
re la x a tio n  tim e, th e re  does appear to  be a  re la tio n s h ip  between th e  two.
Experim entally , th e  values o f  k in  the  o p tic a l  range fo r  s i l ic o n  
w il l  be shown by th is  study to  vary considerably  fo r  d if fe re n t values
o f  doping whereas the  r e f r a c t iv e  index remain r e la t iv e ly  independent of 
doping. An in c rease  in  th e  in p u rity  concen tra tion  leads to  a  le s s  
id e a l  c ry s ta l  s tru c tu re  and so an in crease  in  th e  damping constan t <S.
A re la tio n s h ip  which e x is ts  between a  v a r ia t io n  in  k and a  v a r ia tio n
a
P (61)




in  6 can be obtained by d i f f e r e n t ia t in g  (59).
The th e o re t ic a l  model proposed by the  expression  given in  equation  
(44) which may be v a lid  in  c e r ta in  reg ions should not be expected to  
account fo r  th e  complete abso rp tion  spectrum of band gap semiconductors 
e sp ec ia lly  fo r  ra d ia tio n  energ ies  n ea r th e  band gap. The model, how­
ever, fo r  cond itions under which th e  e l a s t i c  constan t i s  n e g lig ib le  and 
only a  damping term  i s  considered does account fo r  f re e  c a r r ie r  
absorp tion .
(b) Free c a r r ie r  ab so rp tio n . When the  frequency o f  th e  ex c ita ­
t io n  i s  lower than the  band gap o f the  semiconductor, then  quantum 
m echanically in terband  tra n s i t io n s  a re  not p o ssib le  and th e  value o f a
as determ ined by the  Drude theory  o f  f re e  c a r r ie r  absorp tion  1561 i s  
given by
q 2N
a = --------------- £-----------------------------------  (63)
nr m*ceo (1 + w2xf 2)
where i s  th e  re la x a tio n  time given by
I T  (61°f  K
For » 1 , th e  absorption  c o e f f ic ie n t ,  a has been observed fo r  p -
type s i l ic o n  to  obey th e  X2 law very w e l l . [573* However, the  r e la ­
tio n sh ip  i s  no longer v a lid  f o r  energ ies near and above th e  band
edges where (63) p re d ic ts  a  decreasing  a  w ith frequency whereas
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experim entally  th e  value o f  a in c reases  w ith  frequency In  th i s  range.
2 .3  Id ea l Quantum Mechanical Model fo r  Absorption
(a) In tro d u c tio n . Absorption o f  electrom agnetic r a d ia tio n  in  
th e  o p tic a l  reg ion  fo r  semiconductors can be d iv ided  in to  fou r b asic  
groups:
1. Free c a r r ie r  absorp tion  by e i th e r  e lec tro n s  o r  h o les.
2. Fundamental absorp tion  due to  t r a n s i t io n s  o f  e lec tro n s  
from th e  valence to  th e  conduction band.
3. Absorption due to  l a t t i c e  and in p u rity  s c a t te r in g  and 
th a t  caused by the e x c ita t io n  o f band c a r r ie r s .
4. A bsorption due to  t r a n s i t io n s  o f  e lec tro n s  between 
tra p p in g  le v e ls  which e x is t  w ith in  the  forbidden energy 
gap.
The absorp tion  in d ic a te d  by group 4 i s  very s ig n if ic a n t  in  r e a l  
semiconductors bu t i s  very d i f f i c u l t  to  a n a ly ze  In  d e ta i l  because o f
th e  complexity o f th e  trap p in g  s tru c tu re  w ith in  th e  band gap. I t  w i l l ,  
th e re fo re , not be considered in  th i s  study . Absorption o f  r a d ia tio n  by 
th e  processes o f  groups 1 and 3 have already  been d iscussed  w ith th e  
exception  o f in p u rity  s c a t te r in g  which becomes in p o rtan t only a t  low 
tem peratures. The most in p o rtan t ab so rp tio n  p ro cess , however, p a r­
t ic u la r ly  a t the band edge i s  th e  fundamental absorp tion  p rocess.
When the  wavelength o f  th e  in c id en t r a d ia tio n  i s  la rg e  enough so th a t  
e le c tro n s  can not be e x c ited  from th e  valence to  th e  conduction band,
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then th e  in te ra c t io n  between th e  c a r r ie r s  and th e  ra d ia tio n  f ie ld  can 
be tre a te d  by using  c la s s ic a l  electrom agnetic theo ry  as  has already 
been done. However, i f  th e  ra d ia tio n  i s  such th a t  i t s  energy i s  
g re a te r  than  th e  energy gap o f  th e  semiconductor, then  th e  absorp tion
c o e f f ic ie n t does in crease  very ra p id ly  as has been observed experi­
m entally . This fundamental abso rp tion  takes p lace  when th e  energy o f
a photon i s  g re a te r  than th e  band gap. However, th e re  a re  two basic  
types o f  t r a n s i t io n s  by which an e le c tro n  can be e x c ited  to  the  con­
duction band; a  d ire c t  t r a n s i t io n  and an in d ire c t  t r a n s i t io n .  A 
d ire c t  t r a n s i t io n  i s  one in  which th e  e lec tro n  which i s  exc ited  to
the valence band by only th e  abso rp tion  o f  a  photon conserves th e  
c ry s ta l  momentum. This i s  in d ic a te d  on an energy E versus wavevector
k diagram by v e r t ic a l  t r a n s i t io n s  in  which th e  wavevector k fo r  th e
G C
conduction band i s  the  same as  th e  wavevector k fo r  th e  valence band.c
For s i l ic o n  th i s  t r a n s i t io n  i s  more probable fo r  k =o although o th e r
G
values o f  k can a lso  cause d ir e c t  t r a n s i t io n s .  In  g en e ra l, the  energy 
of th e  photon i s  given by
hv = Ef -  Ei  (65)
where E^ i s  th e  f in a l  e le c tro n  energy and E^ i s  th e  i n i t i a l  e le c tro n  
energy. This type o f t r a n s i t io n  i s  shown in  f ig u re  1. An in d ire c t




Figure 1 .—D irec t T ran sitio n s  between the i n i t i a l  s ta te  o f  an
e le c tro n  in  the  valence band, E^, and th e  f in a l  s ta te  in  the
conduction band, E-.' The q u an tity  k i s  r e la te d  to  th e  c ry s ta l  X c
momentum, P , by P = hk .c
Note: The behavior o f an e le c tro n  in  a  p e rio d ic  p o te n t ia l  o f  a
c ry s ta l  l a t t i c e  was f i r s t  considered by F. B lockt. The q u a n tity  
k i s  not p ro p o rtio n a l to  th e  mcmentum o f th e  e le c tro n , p ,  which 
i s  not constant in  a  p e rio d ic  p o te n tia l .  The q u a n tity , P , th e  
c ry s ta l  momentum i s  a  constant o f  th e  motion o f  the  e le c tro n  and 
i s  equal to  th e  r e a l  mcmentum, p , only when the  p o te n tia l  i s  a 
constan t.












o r  absorbed by th e  l a t t i c e  v ib ra tio n s  when a  photon i s  absorbed by the
e le c tro n . The t r a n s i t io n s  a re  then  n o n -v e rtic a l and involves bo th  a
change in  energy and momentum so th a t  e i th e r  an absorp tion  o f em ission
o f  a  phonon i s  necessary  in  o rder to  conserve th e  momentum o r  th e
c r y s ta l .  The phonon absorp tion  energy E and th e  phonon em issionpa
energy E necessary fo r  th e  in d ire c t  t r a n s i t io n  a re  given by equationspe
(66 ) and (67) re sp ec tiv e ly  and th e  process i s  shown in  f ig u re  2 .
pa Ef  -  E1 -  h\>
Epe = hv -  (Ef  -  E ,)
(66 )
(67)
The c a lc u la tio n  o f energy bands in  so lid s  have been sucess fu lly  
ob tained  fo r  germanium and s i l ic o n  by Herman [ 58] and Cardona and 
P ollack  [593- Heiman [60] in d ica ted  th e o re t ic a l ly  th a t  a minimum fo r  
s i l ic o n  should occur a t  k = o and another along th e  [ 100] d ire c t io n . 
Experim ental evidence appears to  confirm th a t  th e  th e o re t ic a l  calcu­
la tio n s  a re  v a lid  [6 l ] .  An energy band s tru c tu re  fo r  s i l ic o n  in
which only two energy le v e ls  fo r  each band a re  shown i s  i l l u s t r a t e d  
in  f ig u re  3. The bands shown in  fig u re  3 in d ic a te  th a t  both th e  
valence and conduction bands are  doubly degenerate a t  k Q = (000).
The degeneracy as r e la te d  to  energy bands i s  defined  as the cond ition  
which e x is ts  when th e  minima or maxima o f bands occur fo r  the  same




k  w C l/2 , 1/ 2 , 1/ 2 ) k = (000)c ^
k = (100)
f ig u re  3 .—-The energy band diagram fo r  s i l ic o n  showing only two 
energy le v e ls  in  each band.
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general dependent on the  energy band. The e f fe c tiv e  mass, m# Is  
defined as
So th a t  th e  energy bands w ith  g re a te r  curvature w i l l  r e s u l t  In  e ffe c ­
t iv e  masses which a re  l ig h te r  than  those  bands which e x h ib it a gradual 
energy  change. The e lec tro n  and ho le  e f fe c tiv e  masses a re  determined 
experim entally  by a  cyclo tron  resonance method. The method was sug­
gested  by Dorftnan [6 2 ], by Dingle [ 63] and by Shockley [64] and
app lied  experim entally  by D resselhaus, Kip and K i t te l  [ 65] . The
re s u l ts  o f  cyc lo tron  resonance y ie ld  d e ffe ren t e f fe c t iv e  masses fo r 
holes in  th e  valence band and d if f e re n t  e f fe c tiv e  e le c tro n  masses In
the  conduction band. However, in  th i s  study fo r  purposes o f  c l a r i ty ,
an average e f fe c tiv e  mass w i l l  be used fo r  each c a r r ie r .
(b) General absorp tion  formalism. The process by which e lec tro n s  
make t r a n s i t io n s  across the  energy gap i s  a  quantum e f fe c t  and i s  
explained by wave mechanics. When th e  methods o f  p e r tu rb a tio n  theory
are  used, i t  i s  Im perative th a t  th e  in te ra c tio n  term  In  th e  Hamiltonian 







then  Hjk «  Hq where HQ i s  th e  id e a l Hamiltonian whose so lu tio n s  are  
w ell known and i s  th e  term  involv ing  th e  in te ra c tio n . Under th ese
cond itions and assuming H., i s  time dependent, the t r a n s i t io n  r a te  
from s ta te  j  to  s ta te  k as given by f i r s t  o rder time dependent p e r tu r ­
b a tio n  theory and commonly re fe r re d  to  as Ferm i’s Gold Rule Number 2 
[ 66] i s
w = —  | H., | 2 —  (70)
h JK dE
— 3 — l
where w i s  th e  t r a n s i t io n  r a te  which i s  in  u n its  o f  m -  s and
dn i s  the  energy d en sity  o f f in a l  s ta te s .  
dE
When th e  t r a n s i t io n s  a re  caused by th e  in te ra c t io n  of an e le c tro ­
magnetic wave w ith an e le c tro n , the  in te ra c t io n  term in  the  Hamiltonian 
as given by the m atrix  element Hjk i s
H1 k = (71)
J  2 tii# v
where it i s  th e  wave v ec to r o f the  ra d ia tio n  f i e ld  and p th e  momentum 
op era to r o f  th e  e le c tro n .
The absorption  c o e f f ic ie n t a i s  th e  q u a n tity  which determ ines th e  
energy removed p e r u n it  time p e r  u n it volume from a  ra d ia tio n  beam o f 
u n it  in te n s i ty .  Fran th e  re la tio n sh ip
d l = -  Iadx (72 )
Ho
where I  i s  th e  in te n s i ty  which i s  th e  energy d en s ity  tim es the  flow 
v e lo c ity , th en
«  = hvw  (7 3 )
(?*aE2) 5V
So th a t  using  (18), (70) and (73)
a = _ 2n ^ v --------------- 27L |H | 2 dn (?4)
eo n̂r 2 “ cE2 h dE
where th e  u n its  o f  a  a re  in  m 1.
(c) D irec t t r a n s i t io n s . I f  th e  assunption  i s  made th a t  a l l  o f
j  s ta te s  a re  f i l l e d  and a l l  th e  k s ta te s  empty, then  th e  expression
fo r  a when th e  wave vec to r o f th e  ra d ia tio n  S i s  sm all conpared to  
th e  wave v ec to r k^ o f the  e le c tro n  i s  given [ 67] fo r  d ire c t  allowed
tra n s i t io n s  (k = o) byc
a
q* (2m, * ) 372 n ' 1/2
(hv -  E -) (75)
^  ft (np2 -  k 2) e0cm*h2
where m^* i s  th e  reduced mass o f th e  e lec tro n -h o le  p a i r  and the  
d ire c t  energy gap.
When quantum mechanical s e le c tio n  ru le s  fo rb id  d ire c t  t r a n s i t io n s  
a t  k = o bu t does allow them fo r  k ^ o , then  th e  absorp tion  i s  given
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(d) In d ire c t t r a n s i t io n s .  T ran sitio n s  which take  p lace  by 
th e  absorp tion  o f a  photon and the  em ission o r  absorp tion  o f a  
phonon a t th e  same tim e a re  c a lle d  in d ire c t  t r a n s i t io n s .  Second 
o rder p e rtu rb a tio n  theory  necessary  to  determ ine th e  absorp tion  
c o e f f ic ie n t  was used fo r  th e  in d ire c t  t r a n s i t io n  and expressions 
fo r  a were obtained [69]. The expression  fo r  a  when kcv (kQ In 
th e  valence band) i s  d if f e re n t  from k (k in  th e  conduction 
band) was shown [ 70] to  be fo r  phonon absorp tion
A (hv -  E + E ) 2
a £  2—  when hv > E -  E (77)gEp/Kt _ 1 g p
when .1 E -  E 
g P
and fo r  phonon em ission by
A (hv -  E -  E )
a S *L .  when hv > E + E„ (78)
'e 1 -  e  _E9/Kt P
o when hv < E + E^ 
-  P
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The absorption  c o e ff ic ie n t i s  th e  sum o f these  two c o e f f ic ie n t so 
th a t
a± = aa  + aQ (79)
In d ire c t t r a n s i t io n s  may take p lace  a lso  when k = k . then the
O V OO
t r a n s i t io n  i s  c a lle d  a  forbidden t r a n s i t io n  and th e  abso rp tion  coef­
f ic ie n t  i s  given by
B (hv -  E„ + E ) 3
-2—  ( 80)'a f gEp/Kt _ 1
2.4  A ctual Quantum Mechanical Absorption
The absorp tion  c o e ff ic ie n ts  determ ined fo r  d ire c t  and in d ire c t
t ra n s i t io n s  were based on the assumption th a t  the  s ta te s  in  the
valence band a re  f i l l e d  and the  conduction s ta te s  empty3so th a t  
t r a n s i t io n s  between th ese  s ta te s  a re  perm issib le . A s i tu a t io n  can
e x is t  where some o f th e  s ta te s  in  th e  conduction band become occupied 
o r in  th e  valence band become empty. This condition can e x is t  in  
some m a te ria ls  which a re  highly doped allow ing the  Fermi le v e l to  
move in to  the  conduction o r valence band. This degenerate condition  
decreases th e  number o f av a ilab le  f in a l  s ta te s  to  a  degree th a t  photon 
tra n s i t io n s  to  th ese  s ta te s  i s  not p o ss ib le  re s u lt in g  in  an absorption
c o e ff ic ie n t which decreases w ith th e  c a r r ie r  co n cen tra tio n . This
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anomalous absorp tion  has been observed In  InSb by Tanenbaum and Briggs 
[71] and explained by B urste in  [72] and Moss [73 ]. I t  w i l l  be shown
in  th i s  study th a t  th i s  p rocess does not occur fo r  s i l ic o n .  For in d i­
r e c t  band gap semiconductors such as s i l ic o n  i t  i s  p o ss ib le  th a t  s c a t­
te r in g  processes in  which the  absorp tion  c o e f f ic ie n t increases w ith  
c a r r ie r  concen tration  can occur by e le c tro n -e le c tro n  s c a t te r in g  [7 4 ], 
[75] o r by im purity s c a t te r in g  [ 76]. R esu lts fo r  As-doped germanium 
[ 77] show th a t  th e  absorp tion  does in crease  w ith  c a r r ie r  concen tra tion
and th a t
a  = AN (hv -  -  6p ) 2 (8l )
where A i s  a  co n stan t, N i s  th e  number o f c a r r ie r s  ( s c a t te re rs )  and
6p , th e  p en e tra tio n  of th e  Fermi le v e l in  th e  band. Heavy doping o f 
th e  in d ire c t  gap semiconductors can a lso  r e s u l t  in  an e f fe c tiv e  
shrinkage o f th e  d ire c t  and in d ire c t  band gaps [ 78] .
This study w ill  show th a t  th e  value o f a  w i l l  vary as th e  energy 
ra is e d  to  a  power between one and two. This abso rp tion  c o e ff ic ie n t 
and consequently th e  o p tic a l  conductiv ity  i s  no t enhanced by th e  pro­
duction  o f e lec tro n -h o le  p a i r s  caused by th e  ra d ia t io n  (see sec tio n
3 .3 ). The in c rease  in  c a r r ie r s  due to  th e  energy and in te n s i ty  o f 
th e  ra d ia t io n  i s  sm all conpared to  the nominal c a r r ie r  density  due to
th e  dopants so th a t  the  cond u ctiv ity  i s  not in creased  because o f a  
photoconductive e f f e c t .
44
2 .5  C onductivity D eterm ination from A bsorption C h a ra c te r is tic s
(a) O p tica l constan ts  o f  an absorbing medium. The re la tio n s h ip s  
which express th e  r e f le c t io n  and transm ission  o f  l ig h t  a t  th e  boundary 
between two media are  determined by applying th e  boundary cond itions 
to  th e  so lu tio n s  o f  Maxwell’s equations. These boundary cond itions 
re q u ire  th a t  ta n g e n tia l  conponent o f  th e  e le c t r i c  and magnetic f ie ld  
v ec to rs  be continuous a t  the  boundary o f th e  two media.
When th e  electrom agnetic  ra d ia tio n  i s  considered to  be a  p lane 
wave and th e  angle o f  incidence o f th e  ray 0 in  medium nQ r e f l e c t s  
from the  su rface  as shown in  f ig u re  4 , th e  F resnel c o e f f ic ie n ts  a re  
known to  be
RI n Cos 0 -  n ’ Cos 0’ s o __________________ ( 82)
s 0n„ Cos 0 + n ’ Cos 0'
nQ Cos 0' -  n ’ Cos 0
(83)n Cos 0' + n ’ Cos 0 o .
2 n Cos 0 o (84)
n Cos 0 + n* Cos 0’o
E ’ 2 n Cos 0’
t  _ _£_ _ 0 _______






F igure 4 .—R eflected  and re f ra c te d  wave v ec to rs  fo r  an 
in c id e n t wave. The su b sc rip t s r e fe r s  to  e le c t r i c  v ec to rs  
normal to  th e  plane o f Incidence and the  su b sc rip t p fo r  
e le c t r i c  v ec to rs  in  the  plane o f incidence.
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When S n e ll’s law Is  used to g e th e r w ith equations (82) through (85), 
they became
* -  ! k  -  Sin (e» -  8) f 0 f.\
s s " E Sin (0 ’ + 0) (86's
e .  = ^  (87)sp " E ta n  (0 + 0 ’ )
hr
u. _ Es ’ _ 2 Sin 0’ Cos 0 /00N
^  " eT “ s in  (e +"'e’ )"“" (88;S
EL* -  -E. -  2 Sin 0» Cos 0 
p E Sin (0 + 0 ')  Cos (0 -  0 ')
Where Ep, Rp, and E^’ a re  th e  wave v ec to rs  amplitudes p o la riz ed
p a r a l l e l  to  the  p lane o f  Incidence and E , R , and E ' a re  th e  am pli-s s s
tudes p o la riz ed  normal to  th e  incidence p lane .
Equations (86) through (89) a re  v a lid  fo r  r e a l  angles only i f  
th e  r e f r a c t iv e  index o f  medium n ' i s  r e a l  which i s  tru e  only fo r  lo s s ­
le s s  m a te ria ls  such as d ie le c t r ic s .  In  genera l however, n i s  complex 
such as i s  the case fo r  th e  elem ental semiconductor.
When n i s  r e a l ,  then  th e  F resnel c o e f f ic ie n t given by (83) and 
(87) goes to  zero  a t  an angle 0 given by 90 -  0’ . Under t h i s  co n d itio n ,
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th e  angle c a lle d  th e  p o la r iz in g  o r Brewster ang le , 0g, becomes
0R = ta n  (90)
B no
The re f le c ta n c e s  as given by
|R | 2
r  = - 5 —  (91)
|E | 2 1 s 1
|R | 2
r  = —2—  (92)
P |E | 2 1 P 1
show th a t  r  I s  a  monotcnlc In c reas in g  function  o f 0 approaching un ity  s
a t  0 = 90° and approaching r Q a t  0 = 0 ° , where 
n ' -  n 2
r o  -  (93 )
The value o f  r  approaches th e  same values as r  but i s  no t monotonic. 
P s
I t  decreases to  zero a t  th e  p o la r iz in g  angle when th e  r e f r a c t iv e  
ind ices n ' and n0 are  r e a l .
When th e  re f r a c t iv e  index n ' i s  complex, then  th e  re la tio n sh ip  
given by S n e ll’s law no longer y ie ld s  an angle o f r e f r a c t io n  but




(94)nr  -  i  k
so th a t  Sin 0’ now becomes a  conplex q u an tity  and only becomes an 
angle o f  r e f ra c t io n  fo r  th e  sp e c ia l  case in  which 0 = 0V = 0 which 
occurs a t  normal incidence.
Using (86) and (87) and l e t t in g  the  ra d ia tio n  be p o la riz ed  so
th a t  E = E , then p s*
J2. _ Cos (0 + 0 *) / (
R “ Cos (0 -  0 ')  Ls
Because (95) i s  a  conplex q u a n tity , i t  can be w r itte n  as
where p i s  th e  r a t io  o f th e  r e a l  an p litu d es o f  Rp and Rg and y i s  th e  
phase d iffe ren ce  between th ese  components. Using equations (95) and
(96)
(96)
1 + pelY _ Sin 0 Sin 0 !
, iy  “ Cos 0 Cos 011 -  pe
(97)
and using  (94) and (97)
1 + pe 
1 -  pe
iy
ly
Sin 0 ta n  0
[ (
n - Ik  2
^ ---- ) -  S in 2 0
1/2 (98)
The angle o f incidence 0 fo r  which th e  phase d iffe ren ce  i s  90° occurs 
a t  th e  p r in c ip a l  angle o f inc idence , which when n^2 + k 2 »  1 , i s
very nearly  a t  th e  angle where R i s  minimum. [79]- The angle co rre -  
sponding to  th i s  minimum i s  ca lled  th e  pseudo-po lariz ing  an g le , 0 , 
and using  (98) and l e t t in g  nQ = 1 fo r  a i r
I + ip  „ Sin 6p tan 8p___________  (99)
1 ‘  lp  [ (nr  -  ik )  -  S in2 8p ] 1/2
When (99) i s  m u ltip lie d  by th e  conplex conjugate expression  given by
n . Sin 0 tan  0
1 JLlfi. = ------ 2--------2---------------  (ioo)
1 ip  [ (n + i k ) 2 -  S in 2 0 ] v<2x p
then  th e  angle 0 can be found using (99) and (100) by 
P
S in 4 0p ta n 4 0p = (nr 2 + k 2) -  2 (nr 2 -  k2) S in20p + S in40p
(101)
In  th e  v is ib le  ra d ia t io n  reg io n , th e  r e f r a c t iv e  index fo r  s i l ic o n  i s  
about fo u r and th e  e x tin c tio n  c o e f f ic ie n t i s  about u n ity , so th a t  when
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n^2 + k 2 »  1, equation (101) becomes
Sin 0 tan  0 = (n 2 + k 2)1/2 (102)
sr sr ^
This r e s u l t  could a lso  have been obtained by n eg lec tin g  S in26 in  (100).
Then using  (98) and i t s  complex con jugate , om itting  th e  S in20 term , 
d efin ing  K as
K = k/n r  (103)
and p as
R
p = = ta n  \p (104)
sa
where th e  su b sc rip t a  in d ic a te s  th e  r e a l  am plitude, then  th e  values 
fo r  K and n a re  found to  be
K = ta n  2 ip (105)
c
and
n = Sin 0 ta n  0 Cos 2 ip (106)r  P P P
where ip i s  th e  condition  which e x is ts  when 0 = 0 .  
p P
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T herefore , In  o rd e r to  determine the  values o f  nr  and k , i t  i s
tudes o f th e  re f le c te d  waves Ft and Ftpa p s.
F igure 5 shows th e  th e o re t ic a l  re f le c ta n c e  curves fo r  = 3 .5  
and k = 1. The curves are  obtained by u sing  equations (82), ( 83) ,
f le c ta n c e  does no t go to  zero a t  th e  p o la r iz in g  angle when th e  ex­
t in c t io n  c o e ff ic ie n t k i s  no t zero .
(b ) E ffec t o f  a  su rface  film  on th e  o p tic a l  co n stan ts . The 
r e s u l t s  obtained fo r  th e  r e f le c t io n  and tran sm iss io n  c o e f f ic ie n ts  o f 
a  s in g le  la y e r  can be ap p lied  in  a  s i tu a t io n  in  which the  la y e r  i s  
bounded on e i th e r  s id e  by se m i- in f in ite  la y e r s . The in c id en t beam i s  
considered to  undergo m u ltip le  r e f le c t io n s  in  th e  th in  film  w i l l  be 
assumed to  be non-absorbing and have a  th ic k n e ss , d . This i s  i l l u s ­
t r a te d  in  fig u re  6 in  which th e  in c id en t ra y , E, i s  o f  u n it an p litu d e . 
Then th e  re s u l ta n t  r e f le c te d  anp litude can be shown to  be [80]
only necessary  to  know th e  psuedo-po lariz ing  angle 0 and the  a n p lf
(9 1 ), (92) and (94). The an g le , 0 a t  which r p i s  minimum i s  th e
pseudo-po lariz ing  angle 0 . The curve f o r  r  shows th a t  th e  r e -
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F igure 6 .—M ultip le re f le c t io n s  in  a  non-absorbing la y e r  o f 





z = — Cos 01 (110)
and frcm energy considera tions th e  re f le c ta n c e  as a  r a t io  o f r e f le c te d
energy to  th e  in c id e n t energy i s  ob tained  by considering  th a t  the  flow
o f energy asso c ia ted  w ith  the  p ropagation  o f an electrom agnetic  wave 
i s  rep resen ted  by th e  Eoynting v ec to r  as
f  = S x S  (111)
and re q u irin g  th a t  th e  energy in  th e  magnetic and e le c t r i c  f ie ld s  be 
eq u a l, the power o r  in te n s i ty  i s  given by
P = nx |E |2 (112)
where n i s  th e  r e f r a c t iv e  index o f  th e  medium in  which th e  wave i sA
tra v e lin g . The abso lu te  value o f  n i s  used i f  i t  i s  complex.
The re f le c ta n c e  r  i s  then defined  as th e  r a t io  o f  th e  re f le c te d  
in te n s ity  to  th e  in c id en t in te n s i ty  so th a t
= M l  (113)
E 2
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where R and E are  the  magnitudes o r  am plitudes o f th e  r e f le c te d  and 
in c id en t f ie ld s  re sp e c tiv e ly . Therefore
r  = ( | )  ( |5  ( l l i | )
which becomes, i f  E = 1
r  = R R* (115)
where th e  value R# rep resen ts  th e  complex conjugate. The expression 
fo r  th e  re f le c ta n c e  o f the  component p a r a l le l  to  p lane o f incidence 
i s  accordingly
S, S # + S * S_ e~21z + S, S * e2 iz  + S~ S » r = lp lp lp 2p________ ;_lp 22___________ 2p 2p__
P 1 + Slp S2p V  V  + S1P S2P S'2iZ + V  V
(116)
and an expression  fo r  the  component normal to  the  p lane o f incidence
r  , can be obtained by s u b s t i tu t in g  th e  su b sc rip t s fo r  p . Adapting s
equation (83) so th a t  i t  i s  c o n s is ten t w ith the  conditions shown in  
fig u re  6 , then
n Cos 0, -  n , Cos 0^
q  -  0  1  1  0  ( 1 1 7 ' )
Dlp  n Cos 0. + n , Cos Qn *  o i l  o
and
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n-, Cos 8* -  n ? Cos 0n 
S2p = n . Cos 0» + n ’ Cos 8, ( l l8 )
The value o f nQ and are  r e a l  because they rep resen t media which a re  
considered to  be lo s s le s s .  The value fo r  n* , however I s  complex so 
th a t  (116) can be w ritte n  as
Sn 2 + Sn (S„ e"21z + S * e21z) + S~ S » 
r   lp - -3 > --------------- % r - ------------ 2 e _ 2 ^ _  ( n 9 )
p 1 + S, (S~ e + S0 * e ) + S 2 S- S * lp  2p 2p lp  2p 2p
Because i s  In  g en era l complex, I t  can be given as
S- = a  + lb  (120)2p
and i f  (120) and i t s  complex conjugate S,^* a re  su b s titu te d  In  (119)> 
then
S 2 + 2 S, (a  Cos 2z + b Sin 2z) + (a2 + b 2)
, = J £  & --------------------------------------------------------- (121)
p 1 + 2 Slp  (a Cos 2z + b Sin 2z) + Slp 2 (a2 + b 2)
The re f le c ta n c e  due to  th e  medium n ' when th e re  I s  no surface la y e r  i s  
ob tained  from (121) and (110) using a  value d = 0. This r e f le c ta n c e , 
r  i s  then
The re f le c ta n c e  I s  a lso  r  whenever th e  value o f d s a t i s f i e spo
4 n , d Cos 0n
Z = -----  -  when Z = 0, 1, 2 , ___  (123)
X
The re f le c ta n c e , r  given by equation (113) has been determined 
fo r  a  d ie le c t r ic  film  as a  fu n c tio n  o f  i t s  o p tic a l th ick n ess  when 
th e  film  i s  on a  m a te ria l which has r e f r a c t iv e  in d ic e s  sm alle r and 
g re a te r  than  th e  film  [ 8 l ] . R esu lts fo r  a  m e ta llic  film  on a  d ie­
l e c t r ic  where th e  e x tin c tio n  c o e f f ic ie n t was v aried  so as to  change 
th e  absorp tion  o f th e  m e ta llic  f ilm  a re  a lso  a v a ila b le  [82]. The 
r e s u l ts  a re  shown in  fig u res  7 and 8.
(c) E ffec t due to  band shrinkage and th e  Fermi le v e l s h i f t .  The 
absorp tion  o f ra d ia tio n  in  semiconductors i s  known to  depend on the 
c a r r ie r  d en s ity  [74] -  [76]. The c a r r ie r  density  o f semiconductor 
m a te ria ls  i s  u su a lly  d i f f i c u l t  t o  c a lc u la te  unless seme s in p lify in g  
assunptions are  made, however i t  can be obtained em p irica lly  w ith 
reasonable accuracy. Semiconductors which are  doped r e s u l t  in  a  s h if t  
in  Fermi le v e l and an e f fe c tiv e  shrinkage o f the band gap, although 
th e  e f fe c tiv e  band shrinkage i s  more n o ticeab le  fo r  heav ily  doped ma­
t e r i a l s  [78 ]. The band shrinkage and th e  Fermi le v e l  s h i f t  are  both
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F igure 7 .—R eflectance a t  noimal Incidence o f  a  d ie le c t r ic  
film  as a  function  o f I t s  o p tic a l  th ickness (A fter Messner, [ 8 l] ) .
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responsib le  fo r  th e  increase  in  th e  c a r r ie r  density  so th a t  values fo r  
these  q u a n t i t ie s ,  i f  known, can determ ine th e  c a r r ie r  d en s ity . I t  can 
be shown th a t  an expression can be obtained in  which the  combined e f fe c t  
o f  both band shrinkage and Fermi le v e l s h i f t  i s  used to  o b ta in  the ca r­
r i e r  d e n s ity , and consequently, th e  low frequency co n d u c tiv ity .
The Fermi le v e l ,  Ef , o f  a  semiconductor which iB non-degenerate, 
l i e s  between th e  valence a id  th e  conduction bands. When th e  semicon­
ductor i s  i n t r i n s i c ,  th e  Fermi le v e l l i e s  very n ea rly  in  th e  cen te r o f 
th e  forbidden gap and i s  independent o f tem perature. When th e  m ateria l
i s  doped w ith  im p u ritie s , the  Fermi le v e l i s  d isp laced  from th e  cen te r  
o f the  band and moves toward th e  gap cen te r  as th e  tem perature in ­
creases. A semiconductor m a te ria l which i s  doped w ith  accep to r atoms 
becomes p -type  w ith  an accep to r le v e l  ly in g  very n ea r  th e  valence band. 
The concen tra tion  o f acceptor atoms a t  th e  accep tor le v e l which are 
ion ized  determ ines th e  s h i f t  in  the  Fermi le v e l from th e  cen te r  o f  th e
forbidden gap. The acceptor le v e l  i s  re a d ily  io n ized  a t  room temper­
a tu re  by e le c tro n s  which a re  ex c ite d  from the  valence band. The small 
energy gap between th e  h ighest valence band le v e l and th e  acceptor 
le v e l allow s a  la rg e  in crease  in  th e  number o f negative  ions and in  
th e  number o f  h o le s . The process o f  recom bination i s  such th a t  the  
number o f  corresponding free  e le c tro n s  decrease when th e  ho les in ­
crease.
The s h i f t  in  th e  Fermi le v e l ,  AE fo r  p-type m a te r ia l i s  shown in
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f ig u re  9(a) fo r  an assumed f l a t  band in  th e  v ic in i ty  o f th e  in d ire c t  
band gap. The s h i f t  i s  given by
AE = Ef l  -  Ef  (12H)
where th e  in t r in s ic  energy of th e  Fermi le v e l  i s  given by E ^ ,  and 
th e  Fermi le v e l o f  th e  p -type m a te ria l by E^.
The ho le  d en s ity , p , f o r  p -type m a te r ia l i s  obtained by
p = I S (E) fp (E) dE (125)
Eveb
where th e  density  o f s ta te s  fo r  holes i s  given by S (E) and th e  ho le  
Fermi fa c to r  i s  given by f ( E ) . An expression  by f  (E) i s  given in
Jr h*
terms o f  th e  Fermi f a c to r ,  F (E ), by
f  (E) = 1 -  f  (E) (126)
r
and f(E ) by











Figure 9-— (a) Energy le v e l  diagram fo r  a  p-doped semiconductor
where E i s  th e  e f fe c tiv e  band gap due to  energy band shrinkage gs
ES'
(b) Energy le v e l  diagram fo r  an I n t r in s ic  
semiconductor.
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Then th e  general expression  fo r  th e  h o le  den sity  in  p -type m a te r ia l a t 
a  given tem perature can be shown to  b e , In  terms o f  a  constan t c ' and 
energy, as
where the  upper l im it  Eve was chosen to  be th e  re fe ren ce  le v e l ,  zero. 
The bottom o f th e  valence band, was chosen as i n f i n i t y ,  because
th e  In te g ra l  converges very rap id ly  in  th e  valence band reg io n . When 
i t  i s  assumed th a t  th e  semiconductor i s  non-degenerate, then the
fa c to r  in  the  in te g ra l
(E -  E „  ) A t  AE/ 
e f l  e «  l  (129:
and th e  expression  fo r  p ,  th e re fo re  becomes
P
1/2 (E -  E„, ) /k t  a AE/kt dE





c ' E 1/2 e (E "  Ef i )/kfc e (130)
Under the  same cond itions o f non-degeneracy i t  can a lso  be shown th a t  




1/2 (E -  E~, ) /k t  dE 
c* E e 11 (131)
Both expressions (130) and (131) a re  v a lid  fo r  s i l ic o n  which has an 
in d ire c t  band gap o f about 1 .1  ev when in t r i n s i c .  The Fermi le v e l
fo r  in t r in s ic  s i l ic o n ,  th e re fo re  can s h i f t  0.55 ev before becoming 
degenerate. The a c tu a l v a lu e s , however, a re  somewhat le ss  than  those 
in d ic a te d , because as shown in  f ig u re  9 ( a ) ,  th e re  i s  a  c e r ta in  amount 
o f  band shrinkage when th e  semiconductor i s  doped. Using both  (130) 
and (131), the ho le  d en s ity  fo r  the doped m a te r ia l,  p ,  becomes
The diagram in  f ig u re  9(b) shows th e  band gap, Eg, fo r  an in t r in s ic  
m a te r ia l. The value o f th e  in t r in s ic  ho le  den sity  p1 i s  known to  de­
pend on th e  band gap by
-E g/2kt (133)
where c^ i s  a  constan t.
The e f fe c tiv e  i n t r i n s i c  hole d e n s ity , pl e , i s  then given by
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- (E
ie = c^ e
g
AE )/2kfc s (134)
The ho le  d en s ity , p , can th en  be obtained by using  (132), (133) and 
(134) so th a t
AE A t
p = p, e (135)
where
AE& = AE + AEg/2 (136)
The expression  fo r  p in  (135) i s  v a lid  only when th e  cond ition  ex­
p ressed  by (129) i s  v a lid . When th e  m a te r ia l i s  very highly  doped,
th e  Fezmi le v e l en te rs  th e  valence band making th e  m a te ria l degenerate.
The value o f p fo r  degenerate m ate ria ls  can only be obtained by evalu­
a tin g  th e  in te g ra l  in  (128) by num erical techniques.
The re la tio n sh ip  between the  low frequency conductiv ity  as given 
by equation  (33) and the  energy s h i f t  AE , can be obtained by con-3.
s id e r in g  two s il ic o n  samples o f  co n d u c tiv itie s  cr̂  and o^. The cor­
responding values o f AÊ  and AE^ w il l  then  be given fo r  and o2
“ a l  = “ i  +  aeb i / 2 (137)
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and
AEa2 = AE2 + AEg2/2  (138)
From equation  (33)
°k = « (ppk Pk + «nk V (139)
and by using  (135) fo r  p -ty p e  m a te r ia ls , th e  r a t io  o f  the two conduc­
t i v i t i e s  becomes
AEa 2 A t
~  = PPg 6  VJ ^ .  ( n o )
1 Ppl ni l  •  "1
When th e  m ate ria ls  a re  doped s u f f ic ie n t ly  so th a t  th e  m inority  c a r r ie r s  
are  n e g lig ib le ,  th en , because n ^  = n^2 since both  samples a re  s i l ic o n
a0 u „ A E j/kt
-2  = JB2 e d (141)
°1 yp l
where AE  ̂ i s  given by
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AEJd AE.*a2 -  AE'a l (142)
A p lo t  o f  ra d ia tio n  energy versus th e  absorp tion  c o e f f ic ie n t w il l  
r e s u l t  in  two curves separated  by a  fix ed  energy value AE^. I f  one o f 
the  samples has a  known co n d u c tiv ity , then th e  o th e r  can be obtained
by equation ( l4 l )  o r  in  g en era l by equation (140).
The energy bands fo r  d if f e re n t  sairples o f s i l ic o n  as in d ica ted  in  
f ig u re  10ra re  assumed to  be f l a t  only fo r  purposes o f  i l lu s t r a t io n .
I t  i s  shown th a t  th e  band shrinkage in creases  w ith  doping as does the  
Fermi le v e l s h i f t .  The Fermi le v e l fo r  th e  in t r in s ic  m a te r ia l i s  
known to  l i e  almost in  the c e n te r  o f  th e  band, so th a t
whereas, th e  Fermi le v e l fo r  a  p-doped m a te ria l can be given by
The valence and conduction bands fo r  th e  p -m a te ria l w i l l  then  become 















































































Pram equation (144), i t  i s  apparent th a t
■ Ef l  "  Ef2  ( l W
Then, using  (137), (138) and (1^2)
“ d = Efl ‘ Efl + 1 /2 (4ES2 - “ si5 (11,8)
A re la tio n s h ip  does e x is t  between th e  Fermi le v e l  and th e  band sh rin k ­
age bu t th e  re la tio n sh ip  i s  not re lev an t to  th i s  d iscussion . The r e ­
la tio n sh ip  given by (148) in d ic a te s  th a t  the  energy s h i f t  AEd depends 
on Fermi le v e l  d iffe ren ce  and the  band shrinkage d iffe re n c e . The 
s h i f t ,  w i l l  be measured as a  displacement between two absorp tion  
cu rves, one in  which th e  conductiv ity  i s  known. Equation ( l4 l)  then  
determ ines the  low frequency conductiv ity  a2 when th e  low frequency
conductiv ity  i s  known.
The expression  fo r  a  degenerate cond ition  i s  derived  in  Appendix A 




3.1 Apparatus and Method
The method used to  determ ine th e  o p tic a l  constan ts  n^ and k I s  
by a non-normal re fle c ta n c e  technique shown In  f ig u re  11. The mono­
chromator shown I s  a  Bausch and Lamb u n it which con ta in s a  tungsten
lig h t  source and a  g ra tin g  so th a t  the  wavelength can be v a ried  from 
o o
2000 A to  7000 A. The bandwidth fo r  the  re su lt in g  wavelength a t  the
o
e x it  p o rt can be v aried  so th a t  narrow bands corresponding to  1 A a t  
50$ In te n s ity  are  fe a s ib le . This monochromatic l ig h t  then  passes 
through s l i t s  In  a  chopper wheel producing l ig h t  p u lses  a t  a  r a te  o f 
3.6 KHZ w ith  a  duty cycle o f  about 30$. The lens construc ted  c o l l i ­
mator i s  then  used to  produce a  narrow p a r a l le l  beam o f l ig h t  which 
i s  in c id e n t on th e  semiconductor sanp le . The narrow p a r a l le l  beam i s  
co llim ated  normal to  th e  plane o f  in c idence , where th e  p lane o f  in c i­
dence i s  th e  plane which contains th e  diagram o f  f ig u re  11. The nar­
row co llim ated  beam o f l ig h t  then  r e f le c ts  from th e  semiconductor 
sanple. A fter th e  ra d ia tio n  i s  r e f le c te d ,  i t  becomes p o la riz ed  so 
th a t  the  r e f le c te d  e le c t r ic  wave v ec to r p a r a l l e l ,  Rp to  th e  plane of 
incidence, i s  in  general le s s  than  th e  re f le c te d  e le c t r i c  wave vecto r 
normal, Rg , to  the  plane o f inc idence . The value o f  Rp fo r  a  lo s s le s s  
sanple i s  zero  when the incidence an g le , 0, (90 -  a  in  f ig u re  11) i s  a t
the  p o la r iz in g  an g le , 0 . When th e  sanple i s  absorbing such as i s  the
P
case fo r  m etals and sem iconductors, then  the  value o f Rp i s  a  non-zero









sandwiched between two g lass  d isk s , i s  mounted so th a t  I t  can be 
ro ta te d  to  o r ie n t I t s  transm ission  ax is  p a r a l le l  and normal to  the 
plane o f in c id en ce . The p o la r iz e r  used was o f high q u a li ty  (the 
q u a lity  measured by transm ission  axes r e s u l ts  In  a transm ission  in -  
te n s i ty  o f  10 %) so th a t  only th e  component p a r a l le l  to  the  tra n s ­
m ission ax is  can be tra n sm itted . An i l lu s t r a t io n  o f  th e  re f le c te d  
wave vec to rs  and the  transm ission  o f th e  wave vec to rs  fo r  d if fe re n t 
angles o f  incidence 0 when the  sample i s  absorbing i s  shown in  fig u re  
12. The p h o to m u ltip lie r tube an RCA type and asso c ia ted  e le c tro n ic s  
as shown in  f ig u re  13 i s  used to  measure the  in te n s i ty  o f wave
vectors R and R . These values o f in te n s i t ie s  a re  measured as v o lt-  P s
ages are  p ro p o rtio n a l to  the square o f the  am plitudes o f R and R .
P s
The semiconductor sample i s  mounted on a  spectrom eter tu rn ta b le  
w ith a sp e c ia lly  designed le v e lin g  p la tfo rm  and accurate  gear t r a in  
assembly w ith  only a  few seconds o f a rc  o f backlash. The gear t r a in  
assembly i s  necessary  so th a t  when th e  sanple ro ta te s  a t  an angle a 
w ith resp ec t to  th e  in c id en t beam, th e  p o la r iz e r  and p h o to m u ltip lie r 
assembly r o ta te  through an angle o f 2a thereby m ain tain ing  th a t  the 
p h o to m u ltip lie r  i s  a t  th e  angle o f re f le c t io n .
3.2 P rec is io n  o f Measurement
The r e f le c te d  l ig h t reaches the  p h o to m u ltip lie r face through a  
s l i t  1/16" in  w idth cut in  a  mask which covers the  tube face . The 
width o f th e  co llim ated  r e f le c te d  beam i s  ad justed  so th a t  i t  i s  only 
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th a t  i t s  face i s  about fo u r fe e t  from th e  p o in t o f r e f le c t io n  on th e  
semiconductor sanp le . T herefore , a  d ev ia tio n  o f one minute o f a rc
r e s u l ts  in  a  v a r ia tio n  o f about one s ix te e n th  o f an inch in  th e  beam
f a l l in g  on th e  mask. This v a r ia tio n  can be d iscerned  v isu a lly  by an 
observer under dark room co n d itio n s. The read ing  o f the  tu rn ta b le  o f 
th e  spectrom eter i s  c a lib ra te d  so th a t  i t  can read  to  th i r ty  seconds 
o f a rc  which i s  w ith in  th e  d ev ia tio n  th a t  can be observed. The obser­
v a tio n  which can not be made much b e t te r  than  one minute o f arc  th e re ­
by l im its  th e  accuracy to  t h i s  value.
I t  i s  a lso  necessary to  e s ta b lis h  th a t  th e  presence o f an oxide 
la y e r  on th e  s il ic o n  sanple w i l l  not adversely  a f fe c t  the measurement. 
The sample o f  re f ra c t iv e  index w il l  be considered to  be coated w ith 
a  s i l ic o n  dioxide la y e r  o f  index n 1 and th ick n ess  d as shown in  f ig u re  
1 4 (a ). The in c id en t ray  i s  shown as A and th e  re f le c te d  ray from the  
oxide su rface  as o , whereas th e  ray c i s  due to  r e f le c t io n  from th e  
s i l ic o n  su rfac e . Then th e  angle o f d ev ia tio n  0 between the  rays o and 
c as shown in  fig u re  14(b) i s  found to  be
dn 2 Sin a Cos a
9 = Rn, n 2 2
1 1 -  (-£ ) Sin a 
nl
(149)
where R i s  th e  d istan ce  from the  semiconductor sanple to  the  d e te c to r . 







and i f  n^ = 1 .5  and nQ = 1, then
0max (151)
So th a t  when R i s  la rg e  as i t  i s  in  th i s  experiment ( -  4 f e e t)  and
tio n  o f  th e  experim ental equipment.
3.3 E ffec t o f  Photon Flux
I t  i s  e s s e n t ia l  to  show th a t  th e  l ig h t  flu x  which i s  used to  make 
th e  conductiv ity  measurements w i l l  not r e s u l t  in  a  la rg e  photo-conduc­
t iv e  e f f e c t .  The maximum number o f e lec tro n -h o le  p a ir s  produced by 
th e  photon flu x  w i l l  be shown to  be sm all compared to  th e  population  
den sity  o f  th e  m ajority  c a r r ie r s .  Therefore th e  t ru e  e le c t r i c a l  con­
d u c tiv ity  w i l l  be measured and not an increased  conductiv ity  which may 
be caused by th e  measurement i f  a  la rg e  number o f p a ir s  were produced.
The power den sity  p(x) in  a  beam o f  electrom agnetic ra d ia tio n  i s  
given in  term s o f p(o) by equation  (26). The a v a ila b le  power density  
a f te r  propagating  a  d istan ce  x through the  medium i s  rep resen ted  by 
p(x) and th e  ra d ia tio n  in c id en t a t  th e  surface by p (o ).
d * 20 X. th en  th e  value o f 0 i s  w ell w ith in  th e  l im its  o f  re so lu -max
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I f  M i s  considered to  be th e  number o f  photons absorbed p e r  u n it 
tim e, then i t  i s  tru e  th a t
d p(x) = -  E dM (152)
D if fe re n tia t in g  (26) and using  (152) to  o b ta in  an in te g ra l  equation 
so th a t
r M A
dM' = 47rk p(o) X E
-4irk
dx (153)
The value o f  d i s  chosen so th a t  i t  i s  th e  re c ip ro c a l o f th e  absorp tion  
c o e f f ic ie n t .  Prom equation (27) i t  i s  apparent th a t  th e  exponent in  
equation  (153) i s  the absorp tion  c o e f f ic ie n t ,  so th a t  th e  r e s u l t in g  
expression  fo r  M becomes
M = ET p(o) k (15i°
where p(o) i s  th e  in c id en t in te n s i ty  in  w atts p e r  u n it a rea , h i s  
P lan ck 's  co n s tan t, X th e  wavelength and k th e  e x tin c tio n  c o e f f ic ie n t.  
S u b s titu tin g  th e  ap p rop ria te  values
M = 4 x 1019 p(o) k (155)
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where M i s  th e  maximum perm issib le  number o f photons absorbed p e r  cm3 
p e r second.
I f  each photon absorbed produced an e le c tro n  hole p a i r ,  then the 
number o f p a ir s  produced p e r  u n it volume, N, would depend on th e  l i f e ' 
tim e o f th e  c a r r i e r s ,  t , in  th e  medium. Therefore
N = 4 x 1019 p(o) k t (156)
The in te n s i ty  o f  th e  v is ib le  monochromatic ra d ia tio n  used fo r  th e
— 2
measurement was o f  th e  o rder o f 10 w atts  p e r  cm . The life t im e  o f
n 6  1 C
the  c a r r ie r s  can be assumed to  be o f th e  o rder o f 10 seconds , 
and th e  value o f  k found experim entally  to  be o f  th e  o rder o f  u n ity . 
The value o f N i s  th en  ca lcu la ted  to  be 4 x 1011 e lec tro n -h o le  p a ir s  
p e r cm3 which i s  sm all when compared to  s i l ic o n  which i s  normally 
doped above 1015 p e r  cm3.
The in te n s i ty  o f l ig h t  used in  th e  experiment was low enough so 
as no t to  d is tu rb  th e  measurement. I t  should be re a liz e d , however, 
th a t  very in ten se  l ig h t  such as th a t  obtained  from la se rs  have la rg e  
e le c t r i c  f i e ld s ,  causing population  in c reases  and n o n - lin e a r i t ie s  




4.1 Comparison o f Absorption Model
The abso rp tio n  c o e f f ic ie n ts  as ob tained  from measured d a ta  fo r  two 
s i l ic o n  w afers and th e  re s u lt in g  co n d u ctiv ity  o f one wafer (using th e  
o th e r as a  re fe ren ce ) i s  p resen ted  in  t h i s  sec tio n . The w afers a re  
p -type (100) o rie n te d  s il ic o n  o f 15 m il th ickness w ith  nominal r e s i s ­
t i v i t i e s  (as measured by four p o in t probe) o f  0.005 and 50 ohm-cm.
The su rfaces  o f  th e  wafers a re  h igh ly  po lished  and coated w ith  an oxide o f 
o
about 50 A. This oxide film  w il l  cause a  measured ab so rp tio n  co­
e f f ic ie n t  which i s  too la rg e  by about Sk% (see ta b le  5)• The film  to ­
g e th er w ith contam inants and trapped  charge in  th e  o x id e -s ilic o n  in te rfa c e  
could be th e  reason  fo r  th e  absence o f a  n o ticeab le  s lope change in  
th e  c u rv e .. The slope change should occur a t  th e  onset o f  d i r e c t  t ra n s i t io n s  
(2 .6  ev). The e f fe c t  o f  th e  equal su rface  film s w il l  cause equal 
degradation  o f th e  absorp tion  c o e f f ic ie n ts  and produce equal s h i f t s  in  
th e  abso rp tion  curves. T herefore , th e  re la tio n s h ip  o f  s e c tio n  2 .5  (c) 
a re  ap p licab le  and the  conductiv ity  o f one sample can be determ ined from 
th e  s h i f t  between th e  curves. For th e  sake o f  b re v ity , only th e  two samples
o f 0.005 and 50 ohm cm s il ic o n  w il l  be used throughout th e  main te x t  o f
th e  th e s is .  A dditional d a ta  and c a lc u la tio n s  fo r  s ix  o th e r s i l ic o n  wafers 
in  which th e  su rfaces  a re  c a re fu lly  cleaned and etched a re  p resen ted  in
Appendix B. A very pronounced slope change i s  evident in  a l l  th e se  curves
a t  about 2 .5  ev.
The values o f  a fo r  th e  se m i-c la s s ic a l model a re  given in  ta b le  2 
and those fo r  th e  quantum mechanical model by ta b le s  3 and 4. The 
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OJ VO CM OO in t>-cr\ C— VO ■=r CM O• N • • • mCM CM CM OJ CM OJ
OKI} o o o o o oin o in o o oOJ in r- o in o■=r -=r -3" in in vo
82
curves. The experim ental values o f  o and n^ c a lcu la ted  by u sing  (102)
and (105), th e  p o la r iz in g  angle 0 , and th e  value k  obtained by (104)
a re  given in  ta b le  1. The I n te n s i t ie s  o f  th e  re f le c te d  ray s  a re
measured as  vo ltag es  and a re  p ro p o rtio n a l to  th e  square o f th e  am plitude.
The values fo r  a and n^ using  th e  se m i-c la s s ic a l model ( ta b le  2) a re
fo r  th e  damping constan t 6 which g ives th e  b es t f i t  to  th e  measured
a curve (see f ig u re  15). The values o f  n .̂ and k fo r  b es t f i t  were
obtained  by a  computer program o f (58) and (59) where ¥ = 0.78  and
E = 7 .0 .  The value o f E was obtained using  (58) and (59) to  agree o o
w ith  th e  r e f r a c t iv e  index peak obtained frcm th e  r e s u l ts  o f P h ilip p  
and T aft C343 .
The quantum m echanical model y ie ld s  th e o re t ic a l  values o f  a fo r  
in d ire c t  and d ir e c t  t r a n s i t io n s  which a re  g iven in  ta b le s  3 and 4 
re sp e c tiv e ly . The value o f  th e  phonon energy E fo r  in d ire c t  t r a n s -  
i t  ions has been shown C70H to  be about 0.05  ev a t  room tem perature.
The te rn  a becomes n e g lig ib le  in  (79) f o r  hv s l ig h t ly  above th e
cl
in d ire c t  gap, consequently , when Ef i s  considered as 1.05 ev, (79) 
becomes
cte = A' (hv -  l . l )2 (157)
so th a t  absorp tion  i s  e s s e n tia l ly  due to  phonon em ission. Erom th e  
slope o f th e  curves given [70] , th e  value  o f  A’ fo r  in t r in s ic  s i l ic o n  
can be found to  be
TABLE 2
<5 = 0.040 <S = 0.070
j (ev) a (10s cm"■*> nr a (10s cm” 1) nr
2 .1 0.79 4.27 1.34 4.11
2 .2 0.96 4.39 1.63 4.18
2 .3 1.18 4.53 1.99 4.26
2.4 1.46 4.68 2.47 4.32
2.5 1.84 4.85 3.05 4.37
2.6 2.35 5.04 3.89 4.38
2.7 3.09 5.23 5.03 4.30
2.8 4.20 5.40 6.92 3.98
2.9 6.01 5.44
3.0 9.74 4.95
The absorp tion  c o e f f ic ie n t a as obtained from the 
se m i-c la ss ic a l model using  equations (27 ), (58) and (59)*
TABLE 3
hv (ev) (hv -  1 .1 ) ev  a (cm- 1 )c
1 .2 0.1 33
1 .3 0.2 131




1 .8 0 .7 1,600
1.9 0 .8 2,090
2.0 0.9 2,645
2.2 1 .1 3,950
2.4 1 .3 5,518
2.6 1.5 7,346
2 .8 1 .7 9,436
3.0 1.9 11,786
3.2 2 .1 14,398
Quantum m echanical r e s u l ts  f o r  th e  abso rp tion  c o e f f ic ie n t  
f o r  in d ire c t  t r a n s i t io n s  assuming in t r in s ic  s i l ic o n . A fu r th e r  
assumption i s  th a t  a l l  e le c tro n  s ta te s  a re  i n i t i a l l y  unoccupied 
and a l l  ho le  s ta te s  a re  f i l l e d .
TABLE 4











Quantum m echanical r e s u l ts  fo r  th e  absorp tion  
c o e ff ic ie n t fo r  d ire c t  t ra n s i t io n s  in  i n t r in s i c  s i l ic o n  
assuming i n i t i a l l y  unoccupied e le c tro n  s ta te s  and 
f i l l e d  hole s ta te s .
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ae 3265 (hv -  1 .1 )2 (cm- 1 ) (158)
The abso rp tion  c o e ff ic ie n t f o r  d ir e c t  allowed t r a n s i t io n s  can be 
obtained from equation  (75) which ap p lie s  when th e  photon energy i s  
n ea r and g re a te r  then the  d ire c t  band gap. Assuming th a t  th e  e lec tro n  
and hole masses a re  th e  same and equal to  h a l f  th e  f re e  e le c tro n  mass,
The r e s u l ts  fo r  the  absorp tion  c o e f f ic ie n t as a  fu n c tio n  o f 
photon energy i s  given in  ta b le  3 fo r  equation (158) and in  ta b le  4 
fo r  equation (159).
Figure 15 compares the absorp tion  c o e ff ic ie n t c a lc u la te d  by the 
se m i-c la ss ic a l model w ith  the  measured absorp tion  c o e f f ic ie n t  obtained 
experim entally . The s e m i-c la s s ic a l model which may account fo r  d is ­
s ip a tiv e  p rocesses o f  absorp tion  by th e  c ry s ta l  l a t t i c e ,  agrees w ith 
th e  experim ental curves fo r  the  lower values o f photon en erg ies.
There i s  a  n o tic ea b le  departu re  from th e  experim ental curves a t  h igher 
energ ies. The value o f 5 which g ives th e  b e s t f i t  fo r  th e  absorp tion  
c o e f f ic ie n t ,  however, does not gLve th e  b e s t f i t  fo r  n^ as can be seen 
in  fig u re  16. The inconsistency  appears to  be due to  th e  choice of 
and Eq. The v e r t ic a l  s h i f t  in  th e  curve o f f ig u re  16 i s  caused by an
then fo r  an nr  -  5 , and = 2.50 ev
a^  = 1.74 x 10“ (hv -  2 .5 0 )1/2 (cm- 1 ) (159)







A -  50 ohm -  cm. 
o -  0.005 ohm -  cm.o
2.6 2.82.4 3.02.22.0
PHOTON ENERGY, hv (ev)
Figure 15.— Canparisen between the se m i-c la s s ic a l and measured 



















PHOTON ENERGY, hv ( e v )
2.0 2.2
Figure 16.— Comparison between th e  se m i-c la s s ic a l and measured 
re f ra c t iv e  in d ic e s  fo r  nominal 50 ohm-cm p-type s i l ic o n .
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e r ro r  In  the  choice o f  ipQi whereas, th e  d iffe ren ce  in  th e  peaks i s  a 
r e s u l t  o f  th e  choice fo r  E. The a c tu a l percen t v a r ia tio n  o f  th e  
experim ental value o f n^ i s  sm all when conpared to  th e  corresponding 
p ercen t v a r ia tio n  in  k (see Table 1 ). Prom equations (25) and (27), 
th e n , i t  i s  apparent th a t  th e  experim ental o p tic a l  co n d u c tiv ity , a 
v a rie s  very n ea rly  as th e  absorp tion  c o e f f ic ie n t a ,  consequently , in  
fu r th e r  d iscu ssio n  i t  i s  only necessary  to  consider th e  absorp tion  
c o e f f ic ie n t .
The values o f  th e  absorp tion  c o e f f ic ie n t  obtained experim entally  
a re  conpared w ith  r e s u l ts  o f  th e  quantum m echanical model given by 
ta b le s  3 and 4. The curve in  f ig u re  17 shows th e  r e s u l ts  o f  the  
experim ental absorp tion  c o e f f ic ie n t fo r  50 ohm-cm s i l ic o n ,  which i s  
compared w ith an id e a l  quantum m echanical model o f  near i n t r in s i c  
s i l ic o n .  Although th e  curves a re  s im ila r ,  th e  absorp tion  c o e f f ic ie n t 
fo r  the  experim ental curve i s  an order o f magnitude la rg e r  than  th e  
id e a l  quantum m echanical p re d ic tio n s .
4.2 Dependence o f Absorption on R adiation  Energy
The absorp tion  c h a ra c te r is t ic s  o f  a  sem iconductor, in  g en e ra l, 
a re  dependent on th e  number o f e le c tro n  and ho le  s ta te s  which are  
a v a ila b le . This has been discussed  in  se c tio n  (2 .4 ) as th e  anomalous 
absorp tion  explained by B urstein  [72] and Moss [73]* The c a lcu la te d  
e f fe c t  o f a v a ilab le  s ta te s  in  th e  conduction band on th e  absorp tion  
in  germanium a t  4.2°K has been given by Pankove and A igrain [76].
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Figure 17.— Comparison between th e  experim ental and id e a l  
absorp tion  c o e f f ic ie n t fo r  s i l ic o n .
in c reases  w ith  doping a t  4.2°K. Experimental evidence [76 ], [ 78] ,  
however, has shown th a t  th e  ex trap o la ted  band gap fo r  germanium de­
creases w ith doping a t  4.2°K. This in d ica te s  th a t  th e  anomalous e f ­
fe c t  i s  n e g lig ib le  in  in d ire c t  band gap m a te ria ls  such as germanium.
The experim ental d a ta  obtained  in  th i s  study fo r  p -type s i l ic o n  
a lso  shows th a t  the  ex trap o la ted  band gap decreases w ith doping a t  
room tem perature. The anomalous e f fe c t  i s  a lso  not n o ticeab le  fo r  
s i l ic o n  which i s  a lso  considered an in d ire c t  band gap semiconductor. 
Semiconductors in  which th e  in d ire c t  process i s  predom inant, ap­
p a ren tly  mask the  anomalous e f fe c t  and consequently th e  e f fe c t  i s  not 
observed. The e f fe c t  i s  s ig n if ic a n t because i t s  tends to  decrease 
th e  absorp tion  as th e  doping in c reases . T herefore , i t  must be con­
s id e red  as p a r t  o f th e  absorp tion  process when th e  d a ta  i s  analyzed.
The absorp tion  curves fo r  0.005 obm-cm and 50 ohm-cm p-type
s i l ic o n  a re  shown in  f ig u re  1 8 . The absorp tion  c o e f f ic ie n t ,  a , i s
p lo t te d  versus th e  q u a n tity , (hv -  E ) ,  where E w i l l  be defined  asge ge
th e  e f fe c t iv e  band gap. The values o f the  in d ire c t  band gap ( -  l . l e v )
and the  d ire c t  band gap ( -  2.6ev) a re  known fo r  in t r in s ic  s i l ic o n .
The corresponding absorp tion  c h a ra c te r is t ic s  vary as th e  square o f
th e  energy above the  in d ire c t  gap, E ^ ,  and th e  one h a l f  power o f the
energy above th e  d ire c t  gap, E ^ .  One p o s s ib i l i ty  I s  to  consider th a t
th e  s tr a ig h t  l in e  ex trap o la ted  value fo r  th e  experim ental curve ( fo r
energ ies in  th e  range o f  two to  th re e  e le c tro n  v o lts )  should have a
value between E .  and E ,. Another choice fo r  E„„ i s  to  consider th a t  gL gd ge
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th e  process o f  absorp tion  i s  predom inantly due to  an in d ire c t  p ro cess , 
thereby making i t  d i f f i c u l t  to  d isce rn  th e  e f fe c t  due to  a  d ire c t  pro­
cess. In  th i s  case , i t  can be assumed th a t  = E . .  The two curvesge g i
shown in  f ig u re  18 a re  p lo t te d  fo r  E  = E . = 1 .1  ev fo r  both  m a te ri-ge g i
a l s .  The curves both  have a  slope o f approximately two which in d i­
ca tes  th a t  th e  absorp tion  process i s  predom inantly in d i r e c t .  I t  i s  
reasonable to  assume th a t  th e  d ire c t  band gap fo r  th e  50 ohm-cm s i l i ­
con i s  1 .1  ev because i t  i s  r e la t iv e ly  l ig h t ly  dcped. The 0.005 obm- 
cm m a te ria l w i l l  have an in d ire c t  band gap which i s  l e s s ,  because o f 
band shrinkage. I t  i s  no t p o s s ib le , however, to  determ ine the  band 
shrinkage un less d a ta  i s  taken in  th e  in f ra - re d . A lso, anomalous 
absorp tion  may p lay  an in p o rta n t ro le  by conpensating fo r  th e  band 
shrinkage. The curves in  f ig u re  19 shows how the  slope v a r ie s  when
E  has th e  values o f 1 .1  ev and 1.5 ev. The slopes are  2 .0  and 1.2ge
re sp e c tiv e ly . A la rg e r  value fo r  E w i l l  r e s u l t  in  a  sm aller s lope.ge
4 .3  Low Frequency Conductivity
The value o f  th e  low frequency conductiv ity  o f  s i l ic o n  can be 
in fe rre d  from i t s  absorp tion  c h a r a c te r is t ic s .  This i s  accomplished 
by th e  conparison o f th e  absorp tion  c o e f f ic ie n ts  fo r  two d if fe re n t 
c o n d u c tiv itie s , one o f which i s  used as th e  re fe ren ce . The general 
re la tio n sh ip  which e x is ts  between th e  two co n d u c tiv itie s  has been 
p resen ted  in  th e  theory  in  sec tio n  2 .5  (c) by equation (140). The 
s p e c if ic  case in  which both sairples a re  doped so th a t  s im p lify in g  
assumptions can be made i s  given by equation  (141). The samples 


























PHOTON ENERGY, (hv -  E ) (ev)
Figure 18.—Absorption c h a ra c te r is t ic s  fo r  s i l ic o n  when E = 1.1 ev.
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ho lds. The absorp tion  c h a ra c te r is t ic s  fo r  two p -ty p e , nominal con­
d u c tiv ity  50 ohm-cm and 0.005 ohm-cm, a re  shown in  fig u re  20 . The 
logarithm -logaritbm  p lo t  i s  used in  f ig u re  20 and th is  appears to  
give th e  best f i t  f o r  a  s tr a ig h t  l in e  re la tio n s h ip . I t  appears th a t  
the  slopes are  about th e  same, although by measurement th e  50 ohm-cm 
has a  slope of 3 .8 , and th e  0.005 ohm-cm a  slope of 3*5. A d ire c t 
in te rp o la tio n  o f th ese  curves to  th e  v ic in i ty  o f  the  band gap, how­
ev er, w i l l  not y ie ld  th e  absorption  c o e f f ic ie n t fo r  low frequencies . 
The absorp tion  c o e f f ic ie n t i s  a  conplex param eter which i s  frequency 
dependent and i s  o f  th e  form
a = a (v) + a' (v) (160)
where a Q (v) i s  the  absorp tion  c o e ff ic ie n t below the  absorp tion  edge 
(band gap). Free c a r r ie r  absorp tion  becomes im portant near but 
below th e  band edge (see 2 .2 (b ) ) ,  and then  even tually  aQ (v) becomes 
r e la t iv e ly  co n stan t. The term  a '( v )  has a  value o f zero when hv -  E ,o
o therw ise, i t s  value i s  e s s e n tia l ly  determ ined by an expression  which 
has th e  same form as given by equation (90) namely
a ' (v) = A (hv -  E )
©
n (161)




















PHOTON ENERGY, (hv -  E ) (ev)
F igure 19.—Absorption c h a ra c te r is t ic s  f o r  0.005 ohm-cm s i l ic o n .
i f  the  r a d ia tio n  i s  12000 % o r  g re a te r .  These wavelengths a re  in  
th e  in f ra - re d  reg ion  and have no t been explored in  th i s  study . I t  
i s  th e re fo re  not p o ssib le  to  determ ine e i th e r  th e  abso rp tion  coef­
f ic ie n t  a Q (v) o r  th e  band gap o f  s i l ic o n .  The band gap fo r  in ­
t r in s ic  s i l ic o n  a t  d if fe re n t tem pera tu res , however, i s  known w ith 
a  reasonable degree of accuracy. I t  I s  a lso  known th a t  th e re  i s  an 
e f fe c tiv e  shrinkage o f the  band gap w ith  doping,
The curves p lo t te d  in  f ig u re  20 are  s ig n if ic a n t because they 
in d ic a te  a  s h i f t  in  energy between th e  two curves. The energy s h i f t  
i s  caused by an e f fe c tiv e  band shrinkage and the  s h i f t  in  th e  Fermi 
le v e l. Both o f th ese  q u a n titie s  determ ine the  c a r r ie r  d en sity  which 
in  tu rn  has an e f fe c t  on the  abso rp tion  c o e f f ic ie n t. The energy 
s h i f t ,  AE^, measured as th e  h o r iz o n ta l d iffe ren ce  between th e  two 
curves I s  found to  be approximately 0.25 ev. The k t energy a t  room 
tem perature i s  0.26  ev and the m o b ility  o f holes in  the  p m a te ria ls  
are  assumed to  be equal, so th a t  yp2 = ^ 3/  This assumption however 
i s  v a lid  I f  one sanple i s  doped w ith in  an order o f magnitude o f  the  
o th er. When th i s  assumption i s  made, then equation (1^1) and the 
conductiv ity  a , known to  have a  nominal value o f 0.02  mho/cm, y ie ld s
a  c a lcu la ted  value o f 300 mho/cm fo r  The nominal value fo r  a , 
as measured by a  fo u r po in t probe i s  g iven as 200 mho/cm. The d is ­
crepancy can be reso lved  by considering  th a t  th e  m o b ili t ie s  Pp^ and 
Up2 are  no t equal. This i s  ev iden t s in ce  the  co n d u c tiv itie s  are not 
w ith in  an o rder o f  magnitude, consequently , n e ith e r  a re  t h e i r  major­



















o -  0.005 ohm-cm
A -  50 ohm-cm
5 - .
0 . 8 - -
2 * 072 ..252 2 . 622 * 762 .92
PHOTON ENERGY, hv (ev)
F igure 20.—Experim ental absorp tion  c o e f f ic ie n t  fo r  p -type s i l ic o n .
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conductiv ity  m a te r ia l i s  le s s  th an  th e  m obility  y , .  The d r i f t  m ob ility
P  2 - 1
fo r  h o le s , y ^ ,  in  p-type 0.02 mho/cm s il ic o n  i s  about 500 cm -  v o lt  -
—  1 2  —1 —1sec and can be ex trap o la ted  to  a  ° f  350 cm -  v o lt  -  sec fo r
c o n d u c tiv itie s  g re a te r  than  1 mho/cm C48H. Then i f  equation  ( l4 l)  i s  
used, a  value o f 210 mho/cm i s  found f o r  a2 which i s  in  very good agreement 
w ith th e  co n d u c tiv ity  (200 mho/cm) as measured by th e  fo u r po in t probe.
The r e s u l t s  fo r  s ix  ad d itio n a l ( i l l )  p type s i l ic o n  samples (su rfaces 
etched) i l l u s t r a t i n g  th e  Im portant ro le  played by th e  m ob ility  i s  given 
in  Appendix B.
The value o f th e  con d u ctiv ity  as has been shown i s  determined 
from th e  disp lacem ent, AE^, between th e  s tr a ig h t  lim e p lo ts  i l l u s t r a t e d  
in  f ig u re  20. The conductiv ity  i s  independent o f the  ra d ia tio n  as i s  
evident by c lo se  in sp ec tio n  o f th e  p lo t .  The ru le d  measurement o f 
AÊ  a t  a  lower absorp tion  i s  g re a te r  than  th a t  obtained  a t  a  h igher 
abso rp tion . This r e s u l ts  in  a  AÊ  in  energy u n its  o f  e le c tro n  v o lts  




The absorp tion  c o e f f ic ie n t ,  a ,  has been shown to  be a  s e n s itiv e  
function  o f the  doping in  the semiconductor s il ic o n . The v a r ia tio n  
o f a  w ith  ra d ia tio n  energy has been in v es tig a te d  in  th i s  study . The 
absorp tion  c o e f f ic ie n t  i s  defined as a  general re la tio n sh ip  by equa­
t io n  (27) and th e  r e la te d  conductiv ity  by equation (25). Using (25) 
and (27) , th e  absorp tion  c o e f f ic ie n t in  terms o f th e  co n d u c tiv ity , 
a , i s
a = 120JL£  
nr
The co n d u c tiv ity , a ,  i s  the value measured a t  th e  frequency o f the 
r a d ia tio n , which i s  in  the v is ib le  range fo r  th is  study . The value 
o f a in  th is  reg ion  i s  g re a te r  than  th e  low frequency conductiv ity  
by se v e ra l o rders o f  magnitude. In  th i s  v is ib le  reg ion  i t  I s  
commonly re fe r re d  to  as th e  o p tic a l  conductiv ity .
The Theory and R esults have been p resen ted  in  terms o f  th e  ab­
so rp tio n  c o e f f ic ie n t a  ra th e r  than  th e  o p tic a l  co n d u c tiv ity , a ,  be­
cause a appears to  have more p h y s ica l meaning than a. The value o f 
a ,  however, i s  re a d ily  obtained frcm a because n^ has been measured.
With th e  abso rp tion  c o e ff ic ie n t defined  in  g e n e ra l, from (25)
a s ,
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i t  i s  necessary  th a t  k be measured so th a t  th e  experim ental value o f 
a  can be compared w ith  p o ss ib le  p h y s ica l models.
The s e m i-c la s s ic a l model was the  f i r s t  model chosen, because i t  
appeared to  be th e  one which i s  most fundamental. A lso, th e  s im ila r  
bu t m odified model fo r  f re e  c a r r ie r  abso rp tion  has been su ccessfu l 
in  exp la in ing  abso rp tion  ju s t  below th e  abso rp tion  edge. The semi- 
c la s s ic a l  model considers th a t  the charge c a r r ie r s  are  bound e l a s t i ­
c a lly  to  the  atoms, and are  forced to  o s c i l l a te  when sub jec ted  to  a 
r a d ia tio n  f ie ld .  The re s to r in g  force  between th e  charge c a r r ie r s  
and th e  atoms a re  assumed to  follow  Hooke's law, and the  d is s ip a tio n  
i s  in  p a r t  accounted f o r  by a  damping c o e f f ic ie n t .  The model has 
been m odified from th e  C lausius-M oscotti [5 1 ], [5 2 ], and L orentz- 
Lorenz [5 3 ], [5^] form, by rep lac in g  th e  d ie le c t r ic  constan t and the 
r e f r a c t iv e  index by complex q u a n ti t ie s .  The r e s u l t in g  equations fo r  
nr  and k are  given by equations (66) and (67). The values o f  n^ and 
a based on c a lcu la tio n s  using  these  equations fo r  two d if f e re n t  
values o f the  damping co n s tan t, 6, a re  given in  ta b le  2. The values 
o f <5 have been chosen so as to  give th e  b e s t f i t  to  the  experim ental
a  g iven in  tab le  1. The comparison between the  curves shown in  
f ig u re  15 shows th a t  as expected, the la rg e r  damping constan t co rre ­
sponds to  th e  la rg e r  conductiv ity  sample.
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The se m i-c la ss ic a l c h a ra c te r is t ic s  a lso  have some o ther in t e r ­
e s tin g  p ro p e r tie s . The value o f nr  asy irp to tica lly  approaches the  
accepted value of the  r e f r a c t iv e  Index (3*42) as th e  wavelength o f 
the ra d ia tio n  in c reases . Equations (66) and (67) a lso  show th a t  nr  
approaches a  peak and then  even tually  w i l l  reach  a  value of un ity  
fo r  decreasing  wavelengths. I t  has been shown by P h ilipp  and T aft 
[34] th a t  th e  peak value o f  n^ fo r  s i l ic o n  i s  7.0  and occurs a t
3.3 ev. The comparison between th e  se m i-c la s s ic a l and measured n^ 
given in  f ig u re  14 shows a  s im ila r i ty  in  th e  shape o f  the  two curves. 
The displacem ent between th e  two curves has been explained in  sec tio n
4.1 o f th e  R esu lts.
The equations fo r  th e  sem i-c la ss ic a l model a lso  shows th a t  the  
absorp tion  c o e ff ic ie n t w i l l  peak (although no t shown in  f ig u re  15 ) 
and then  approach a sm all value w ith  decreasing  wavelength. The 
value o f a a lso  decreases w ith  in creasin g  w avelength, which again  
agrees w ith  experiment [34]. The decrease , however, i s  a l in e a r  
change and not an abrupt change, as i s  observed experim en tally . The 
sudden in crease  in  the  absorp tion  c o e ff ic ie n t which takes p lace  a t  
th e  absorp tion  edge (band gap) in  semiconductors i s  caused by the  
quantum e f f e c t .  Below th i s  value th e  absorp tion  i s  sm all as de­
term ined experim entally  [34]. I t  i s  below th i s  edge where th e  semi- 
c la s s ic a l  model gives an absorp tion  c o e f f ic ie n t which i s  too  la rg e  
when compared to  the  experim ental r e s u l ts .  The se m i-c la ss ic a l model 
can th e re fo re  not be considered to  be v a lid  in  th i s  reg ion . Below 
th e  absorp tion  edge, however, th e  m odified sem i-c la ss ic a l model in
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which th e  e l a s t i c  re s to r in g  fo rce  i s  e lim in a ted , (see sec tio n  2 .2 (b ))  
r e s u l ts  in  a  f re e  c a r r ie r  abso rp tion  model, which i s  in  good agree­
ment w ith  experim ent.
Ihe reg io n  above the band gap energy (absorp tion  edge) i s  physi­
c a lly  b e s t described  by a  quantum mechanical model. The absorp tion  
c o e ff ic ie n t curve, derived from th e  quantum mechanical model, i s  in  
b e t te r  agreement w ith th e  experim ental curve th an  th a t  obtained by 
the  se m i-c la s s ic a l model. The id e a l  quantum model assumes th a t  the  
value o f th e  absorp tion  c o e f f ic ie n t i s  zero below th e  absorption  
edge. This i s  in  r e a l i ty  no t t r u e ,  because o f d is s ip a tio n  of energy 
by o th e r non-quantum e f f e c ts ,  such as p rocesses invo lv ing  in e la s t ic  
c o l l is io n s .  In e la s t ic  p rocesses by charge c a r r ie r s  fo r  energ ies 
above the  band gap a lso  tak e  p lace  in  r e a l  m a te r ia ls ,  consequently 
causing an in c rease  in  the  abso rp tion  c o e f f ic ie n t .  This should no t 
however, in  g e n e ra l, be expected to  r e s u l t  in  an in c rease  in  th e  
measured abso rp tion  c o e f f ic ie n t ,  because o f o th e r  compensating e f ­
fe c ts  such as th e  anomalous e f f e c t  [7 2 ], [73]. When th e  anomalous 
e f fe c t  i s  n e g lig ib le  as i t  i s  f o r  s i l ic o n ,  then  th e  measured ab­
so rp tio n  c o e f f ic ie n t  w il l  be la rg e r  than  th a t  assumed by th e  id e a l  
quantum m echanical model.
The id e a l  quantum model fo r  band gap m a te r ia ls  includes t ra n ­
s i t io n s  which are  allowed and those  which a re  forb idden. In  addi­
t io n ,  t r a n s i t io n s  can be d ir e c t  o r  in d ir e c t .  The id e a l  quantum 
mechanical curve fo r  allowed t r a n s i t io n s  i s  shown in  f ig u re  17.
This composite curve fo r  s i l ic o n  co n s is ts  o f  an in d ire c t  t r a n s i t io n
103
fo r  energ ies above 1 .1  ev, and a  d ire c t  t r a n s i t io n  fo r  energ ies 
g re a te r  than  about 2 .6  ev. I t  i s  assumed th a t  th e re  i s  no inheren t 
absorp tion  below th e  in d ire c t  band gap. Because th e  anomalous e f fe c t  
i s  n e g lig ib le  fo r  in d ire c t  p ro cesses , i t  can be assumed th a t  the 
values o f the  quantum absorp tion  curve should be g re a te r  than  those 
shown. The S shape curve i s  caused by the onset o f  d ire c t  t ra n s i t io n s  
which occur a t  about 2 .6  ev. The curve ( in d ire c t  t r a n s i t io n s )  to  
about 2.6 ev v a rie s  as th e  square o f  the  ra d ia tio n  energy in  excess 
o f 1 .1  ev , whereas fo r  energ ies g re a te r  than 2.6 ev , th e  value of a 
i s  determ ined by d ire c t  and in d ire c t  p rocesses.
Ihe experim ental d a ta  fo r  th e  abso rp tion  c o e f f ic ie n t given in  
ta b le  1 fo r  50 ohm-cm and 0.005 ohm-cm i s  p lo tte d  in  f ig u re  15. Ihe 
curves show th a t  th e  absorp tion  c o e f f ic ie n t  does in c rease  w ith the 
doping co n cen tra tio n , in d ic a tin g  th a t  th e re  i s  no apparent anomalous 
e f fe c t .  The in c rease  in  th e  absorp tion  c o e ff ic ie n t w ith  th e  ra d ia ­
t io n  can be explained  by considering  equation (160)
a = a  (v) + A (hv -  E )n o g
There are  two p o s s ib i l i t i e s  which must be in v e s tig a te d  when consi­
dering  th i s  expression . E ith e r  th e  inheren t abso rp tion  term aQ (v) 
i s  n e g lig ib le  when compared to  th e  second term , o r  i t  i s  appreciab le  
and must be taken in to  account.
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When th e  absorp tion  term a Q (v) I s  s e t  equal to  ze ro , and the
absorption  c o e f f ic ie n t  fo r  50 ohm-cm Is  taken  f l ’om ta b le  1 as =
1.90 x 10s cm” 1 fo r  hv^ = 2.25 ev and a 2 = 3*15 x 10s cm-1 fo r  hv2 =
2.62 ev , th e  value o f n I s  found to  be equal to  2.16 i f  E = 1.10 ev.s
When Eg I s  considered to  be an ex trap o la ted  e f fe c t iv e  value (see 
sec tio n  4 .2) and I s  taken as E = 1.50 ev , then th e  value o f n Is
O
found to  be equal to  1 .48. The corresponding values o f  n  fo r  the
0.005 ohm-cm sample were found to  be 1.83  and 1.25 fo r  re sp ec tiv e
values o f E„ o f 1 .1  ev and 1.5 ev.
S
When th e  In d ire c t  band gap I s  chosen fo r  E , th e  value o f n I s
D
2.16  fo r  the  50 ohm-cm sample and 1.83 fo r  the 0.005 ohm-cm m a te ria l.
The h igher conductiv ity  m a te r ia l has a sm aller band gap caused by
band shrinkage, and w il l  r e s u l t  in  a  g re a te r  n value. C alcu lations
show th a t  n = 2.0 when E i s  assumed to  be 1.0 ev fo r  th e  0.005 ohm-
g
cm sample.
The r e s u l ts  obtained fo r  n a re  s ig n if ic a n tly  d if f e r e n t  when the  
value o f  aQ (v) I s  no t n e g lig ib le . When the  fo llow ing s e t  o f  equa­
tio n s  a re  solved fo r  n ,
\  -  % + A (h\  -  V "
where = 1.13 x 10s cm- 1 , hv^ = 2.25 ev; a 2 = 2.06 x 10s cm- 1 , 
hv2 = 2.62 ev ; = 1.58 x 10s cm” 1, hv^ = 2.48 ev; th e  value of n
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can be e i th e r  0 .5  o r  2 .2  fo r  th e  50 ohm-cm sample.
The r e s u l t  o f  0.^9 fo r  n im plies th a t  the  abso rp tion  c o e ff ic ie n t
i s  due to  a  d ire c t  t r a n s i t io n .  This i s  not in  agreement w ith  the
curves o f f ig u re s  18 and 19. In  p a r t ic u la r ,  th e  50 ohm-cm m ate ria l
i s  very l ig h t ly  doped so th a t  i t s  in h e ren t abso rp tion  a Q (v) can be
considered n e g lig ib le . Also th e  in d ire c t  band gap can be considered
to  be 1.10 ev f o r  th e  50 ohm-cm m a te r ia l. The s lo p e , n , i s  found to
be 2 .0 , and even f o r  a  curve ex trap o la ted  e f fe c tiv e  band gap o f  E =
Se
1 .5 , the  value o f  n = 1.65. F u rth e r , t r a n s i t io n s  which are  predomi­
n an tly  d i r e c t ,  may cause an anomalous e f fe c t  which has not been 
observed.
From th e  r e s u l ts  and th e  d iscu ss io n  p e r ta in in g  to  th e  s i l ic o n  
samples i t  appears th a t  th e  value o f  n can have values ranging  from 
about 1/2 to  2. However, th e  r e s u l t s  seem to  favor th e  value fo r  
n = 2. This can be v e r if ie d  experim entally  by fu r th e r  in v e s tig a tio n  
o f the  absorp tion  a t lower en e rg ies . The d ire c t  band gap occurs a t  
about 2.6 ev and d a ta  may have to  be taken  a t  energ ies s ig n if ic a n tly  
above th i s  value in  o rder to  determ ine i t s  s lope . The h ig h est energy 
o f  th e  ra d ia tio n  used in  th i s  study was 2.92 ev; i t  was lim ited  by 
the  o v e ra ll response o f th e  experim ental system.
The absorp tion  c o e f f ic ie n t fo r  th e  50 ohm-cm sanple i s  compared 
w ith th a t  o f  th e  id e a l  • quantum model. The two curves are  shown in  
f ig u re  17. The experim ental curve i s  about one o rd er o f magnitude 
g re a te r  f o r  a l l  wavelengths. I t  has already been mentioned th a t  the
106
quantum model n e g lec ts  Inheren t abso rp tio n . When th e  Inheren t 
absorp tion  I s  considered , the  quantum mechanical curve w i l l  be 
Increased  by a  constan t amount. The e f fe c t  on the  lo g - l in e a r  p lo t 
I s  an Increase In  absorp tion  a t  a l l  wavelengths and a  f la t te n in g  of 
th e  S shape. Ihe f la t te n in g  o f  th e  S shape r e s u l ts  in  a  curve which 
i s  in  b e t te r  agreement w ith  the  experim ental curve.
The argument which stro n g ly  favored in d ire c t  t r a n s i t io n s  (n = 2) 
was based on th e  assumption th a t  th e  in h eren t ab so rp tio n , a Q (v ) ,  was 
sm all when compared to  the  experim ental cu rve, but no t sm all when 
compared to  th e  quantum model. Consequently an amount, a Q (v ) , must 
be added to  the  id e a l  quantum curve, bu t can not be to o  la rg e . 
Therefore , i t  appears th a t  some o th e r f a c to rs  must be considered 
which can account fo r  a  lower experim ental curve.
A surface f ilm  which may be p re sen t on a  s i l ic o n  wafer w i l l  
in c rease  th e  measured in te n s ity  o f  th e  r e f le c te d  beam. This w i l l  
r e s u l t  in  an in c rease  in  the c a lc u la te d  absorp tion . Because i t  i s  
reasonable to  assume th a t  a  su rface  la y e r  can e x is t ,  i t  i s  a lso  v a lid  
to  expect th a t  th e  t ru e  absorp tion  should be le ss  th an  th a t  shown by 
f ig u re  17. The e f fe c t  o f  a  su rface  f ilm  has been p resen ted  in  sec­
t io n  2.5 (b) o f  th e  theo ry . The expression  fo r  th e  re f le c ta n c e  o f 
th e  component o f th e  e le c t r ic  f i e ld  p a r a l le l  to  th e  p lane o f  in c i ­
dence, r  , i s  given by equation (121). This expression  includes the
sr
e f fe c t  o f a  su rface  la y e r  o f th ic k n e ss , d. This expression  which 
gives the r e f le c ta n c e , r ^ ,  in  which i t  i s  assumed th a t  th e re  i s  no 
su rface  la y e r , i s  given by equation (122).
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The e f fe c ts  o f  th e  su rface  la y e r  can be determined by consi­
dering  th e  change th e  absorp tion  caused by surface la y e rs  o f d i f f e r ­
en t th ick n esses . The change I s  given by
Aa
0L
a ,  -  a d o
ci-
in  which ad i s  th e  t o t a l  absorp tion  due to  the  s i l ic o n  wafer and i t s  
su rface  oxide la y e r ,  d. The value a Q i s  th e  absorp tion  due to  the 
s i l ic o n  wafer a lone. Equation (122) i s  used to  f in d  r  a t  th e  
p o la r iz in g  ang le , 0 , o f  th e  s i l ic o n  w afer. -k  p o la r iz in g  angle o f
c* O
80° measured a t  a  wavelength o f 4000 A r e s u l ts  in  an r  o f  0.093%
and a  0 o f  75*8° a t  6000 A y ie ld s  an r  o f  0.719%* The absorp tion  P po
a t th e  two wavelengths then  can be found from (27), (104) and (105). 
The absorp tion  caused by a  s i l ic o n  d ioxide la y e r  o f r e f r a c t iv e  index
O
1 .8  on a  s i l ic o n  w afer, i s  determ ined by fin d in g  r  a t  4000 A and
cO
th en  a t  6000 A. Because the  p o la r iz in g  angles a re  la rg e ,  the value
o f r  can be considered to  be approxim ately equal to  u n ity  (see s
f ig u re  5 ). Then, i t  follow s th a t  Rg -  1 , because Eg and Ep a re  both 
equal to  u n ity , consequently , and aQ, can.be re a d ily  found from 
(104).
The v a r ia t io n  in  th e  absorp tion  c o e f f ic ie n t o f  a  s i l ic o n  wafer
O O
caused by a su rface  s i l ic o n  dioxide la y e r  o f  10 A and 20 A i s  given 
in  ta b le  5. The c a lc u la tio n s  show th a t  a  maximum e r ro r  o f  20% in
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th e  absorption  c o e f f ic ie n t  occurs a t  th e  sh o rte s t wavelength when 
th e  oxide la y e r  i s  20 A th ic k . The r a t io  Aa/aQ was c a lc u la te d  using 
K and assuming th a t  nr  in  (103) i s  th e  same fo r  th e  oxide as fo r  the 
s i l ic o n .  An e f fe c t iv e  value fo r  nr  which should be used w il l  r e s u l t  
in  a  sm aller absorp tion  and an e r ro r  le s s  than those shown in  ta b le
5. T herefore , th e  values shown in  ta b le  5 a re  maximum fo r  th e i r  
re sp ec tiv e  oxide la y e rs .
The purpose o f th e  previous d iscu ssio n  on su rface  lay e rs  was to  
show th a t  they can cause e r r o rs  in  th e  absorp tion  c o e f f ic ie n t .  In
o
f a c t ,  i t  r e s u l ts  in  a  measured value o f a which i s  too  la rg e . A 20 A 
s i l ic o n  dioxide la y e r  w il l  th e re fo re  r e s u l t  in  an abso rp tion  coef­
f ic ie n t  which i s  20$ to o  la rge  a t  4000 A (3*10 ev) and 16.8$ too
O
la rg e  a t  6000 A (2.07 ev). Although care was taken in  p reparing  the
o
su rfa c e s , i t  i s  reasonable to  assume th a t  in  p ra c t ic e ,  a  20 A lay e r 
can be formed a t  room tem perature .
The tru e  absorp tion  c o e ff ic ie n t fo r  th e  50 ohm-cm s i l ic o n  i s  
th e re fo re  sm aller fo r  a l l  wavelengths than those shown in  f ig u re  17 . 
I f  the  values o f th e  oxide th ickness and th e  inheren t ab so rp tio n , 
a Q (v) ( in f ra -re d  wavelengths) were known, th e  experim ental curve 
w i l l  be found to  be in  very good agreement w ith th e  quantum mechani­
c a l  curve.
I t  has been shown in  sec tio n  4 .3 , th a t  the low frequency conduc­
t i v i t y  o f s i l ic o n  can be determined from i t s  absorp tion  o f v is ib le  
ra d ia tio n . The abso rp tion  curve must be coirpared to  th e  absorp tion
TABLE 5
EFFECT OP A SURFACE LAYER
*0
d (A) X (A) 6 (DEGREES) P
K r p <*>
0 0 6000 75.83 0.0610 0.093
4.3 10.0 6000 75.83 0.0636 0.101
16 .8 20.0 6000 75.83 0.0713 0.127
0 0 4000 80.00 0.1709 0.719
5.9 10.0 4000 80.00 0.1804 0.801
20.0 20.0 4000 80.00 0.2064 1.043
94.2 50.0 4000 80.00 0.3350 2.662
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curve fo r  a  s i l ic o n  sample o f known co n d u ctiv ity . When the general 
case i s  considered , i t  i s  necessary  th a t  equation  (140) be used.
Ihe m inority  c a r r ie r  d e n s it ie s  and m inority  m o b ilit ie s  must then  be 
known. These q u a n t i t ie s ,  however, may not be known unless the  
conductiv ity  i s  known. B ut, i f  th e  conductiv ity  a ,  i s  used as the  
known va lu e , and i t  i s  i n t r i n s i c ,  then th e  value AE&1 = 0. When 
both samples a re  s i l ic o n ,  then  n ^  = n12 = and equation (140) 
becomes
a2 Up e d//kfc un2 n,
^  = + V  -  W  p  <l40a>
The values o f  yn^ and Up̂ _ a re  known fo r  th e  i n t r in s ic  m a te r ia l to  be 
1500 and 500 cm2 -  v o lt-1 -  sec-1 re sp e c tiv e ly . The value o f  n^ fo r  
s i l ic o n  a t  room tem perature i s  a lso  known to  be 1.6 x 1010 cm- 3 .
The low frequency c o n d u c tiv ity , Op can be found by f i r s t  con­
s id e r in g  th a t
AE
= e d /k t
The conductiv ity  Op determ ined by th is  expression  fo r  a  known AEd i s  
then  used to  determ ine Up2 , un2, and p [-47] > [48]. Using these
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values in  (l40a) then determ ines th e  conductiv ity  more p re c is e ly . 
Each t r i a l  w i l l  th e o re t ic a l ly  g ive a  more accu ra te  va lue , however, 
th e  param eters are  not ra p id ly  varying fu n c tio n  o f th e  co n d u c tiv ity , 
so th a t  in  p ra c tic e  i t  i s  only necessary to  use (l40a) one tim e.
The expression fo r  the  low frequency cond u ctiv ity  given by
equation  (140), i s  dependent on th e  band shrinkage AE and th e  Fermis
le v e l  s h i f t  AE. Both AE and AE in c rease  w ith  in p u rity  concen tra tions
when th e  tem perature remains constan t. An in c rease  in  im purity  
concen tra tion  does lead  to  an in crease  in  abso rp tion .
I t  has been shown fo r  germanium [ 76] ,  th a t  a i s  roughly propor­
t io n a l  to  doping. I b i s ,  however, was shown to  be v a lid  only over a 
doping range from 5 x 1018 cm“ 3 to  4 x 1019 cm- 3 . In  f a c t ,  th e re  i s  
no p ro p o rtio n a l r a t io  when heav ily  doped germanium i s  compared w ith  
a  pure sample. The 'n ^  o f  a  pure germanium sample i s  2 .5  x 1013 cm-3 
and i t s  absorp tion  c o e f f ic ie n t ,  a , as measured from curves [ 76] a t
0.78 ev i s  about 4 cmT1, w hereas, a  measured a t  th e  same energy i s  
about 30 c n r1 fo r  a  doped sample o f 5 x 1018 c n r3. The absorp tion  
va lu e , th e re fo re ,  has increased  by only about an o rd er o f magnitude, 
whereas th e  dcping has in creased  by f iv e  o rd ers  o f  magnitude. The 
same cond ition  e x is ts  f o r  s i l ic o n  as i s  shown by th e  r e s u l ts  o f  t h i s  
study. This i s  shown in  f ig u re  18 by th e  two curves fo r  0.005 ohm- 
cm and 50 dbm-cra, p-doped s i l ic o n .  The co n d u c tiv itie s  d i f f e r  by 
four o rders  o f  magnitude whereas the  r a t io  o f  th e  absorp tion  coef­
f ic ie n ts  a re  about 1 .5 . There appears to  be no fixed  re la tio n sh ip  
between the  absorp tion  c o e f f ic ie n t and th e  im purity  concen tra tion
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fo r  germanium and s i l ic o n ,  when a  broad range o f doping Is  considered.
I t  has been p o s tu la te d  in  t h i s  th e s is  th a t  a  s in p le  re la tio n s h ip
does e x is t  between the  abso rp tion  c o e f f ic ie n t ,  and th e  energy s h i f t ,
AEp between th e  curves o f  f ig u re  20 * The energy s h i f t ,  co n s is ts  o f
both AE and AE which a re  both  re la te d  to  th e  im purity  concen tra tion , s
The r e s u l t s  o f  sec tio n  4 .3  a re  co n s is ten t w ith  th e  theory given in  
sec tio n  2.5 (c ).
There i s  a tendency fo r  th e  curves o f f ig u re  20 to  get c lo se r  
to g e th e r  a t  th e  h igher en erg ies . Ih is  in p l ie s ,  as expected, th a t  
the  energy s h i f t  AEd i s  independent o f ra d ia tio n  energy, hv. Ihe 
tendency fo r  t h i s  convergence can b est be explained by considering  
equations (160) and (161) fo r  two d if fe re n t co n d u c tiv itie s . A p lo t 
o f a versus hv on a  logarithm  -  logarithm  p lo t ,  w i l l  in d ic a te  th a t  
th e  h igher conductiv ity  sample changes more slowly than  th e  o th e r 
sample. However th e  higiher conductiv ity  m a te r ia l w i l l  always have 
the  h ig h er absorp tion  although th e  v e r t ic a l  d iffe ren ce  in  th e  ab­
so rp tio n  although the v e r t ic a l  d iffe ren ce  in  th e  absorp tion  coef­
f ic ie n t  i s  constan t. Consequently, the curve g e ts  c lo se r  to g e th e r  
a t  the  h ig h er energ ies.
The in h eren t absorp tion  c o e f f ic ie n t ,  aQ (v) o f  th e  h igher 
conductiv ity  m a te ria l can be assumed to  be much g re a te r  than th a t  
o f th e  50 ohm-cm sample. Ih e re fo re , the  v e r t ic a l  d iffe ren ce  between 
th e  curves o f  fig u re  20 , can be considered to  be equal to  th e  value 
o f aQ (v) fo r  th e  0.005 ohm-cm sample. The value o f  a Q (v) w i l l  then
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be about 10s cm- 1 , in d ic a tin g  th a t  th e  0.005  ohm-cm curve in te rc e p ts  
the  energy ax is  a t  about 1 .9  ev . This makes I t  im possible to  de­
term ine th e  d ire c t  band gap by an in te rc e p t method, because, aQ(v) i s  
almost constan t over a  wide range o f energ ies (approxim ately 1.0 ev ). 
The e f fe c t  o f  an energy gap, however, i s  not obscured when measured 
by energ ies in  th e  v is ib le  reg ion . V e rif ic a tio n  o f  th e  exact v a r i­
a tio n  o f th e  value o f aQ(v ), can be determ ined only by absorp tion  
d a ta  fo r  energ ies up to  and below th e  d ire c t  gap o f  about 1 .1  ev.
Although the  increase  in  c a r r ie r s  due to  th e  photon flu x  in ­
te n s i ty  used in  th i s  study , has been shown in  se c tio n  3*3 to  be n e g li­
g ib le , i t  should be re a liz e d  th a t  la rg e  in creases  in  in te n s i ty  can 
cause e r ro rs  in  th e  measurement o f th e  absorp tion  c o e f f ic ie n t.
Ihe main sources o f e r ro r  in  th e  measurement o f  th e  absorp tion  
c o e f f ic ie n t  i s  due to  the su rface  oxide la y e r , and has a lready  been 
considered in  d e ta i l  in  t h i s  se c tio n . However, i t  should be re a liz e d  
th a t  th e  values fo r  the r e s i s t i v i t i e s  o f  th e  samples were obtained 
by the  fo u r p o in t probe method. The method, although commonly 
employed, can not be considered to  give measured values to  much 
b e t te r  than  ± 25# fo r  the samples used in  th e  study.
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Conclusion
The d a ta  and ca lc u la tio n s  p resen ted  In  th e  body o f th e  te x t  and 
In  th e  Appendices In d ic a te s  th a t  th e  absorp tion  follow s th e  expected 
re la tio n s h ip s . These re la tio n sh ip s  which assume a quantum mechanical 
model o f ab so rp tio n , p re d ic t th a t  th e  absorp tion  should vary as the 
square o f the photon energy which i s  In  excess o f th e  In d ire c t  g a t, 
and as the  one h a l f  power o f th e  photon energy In  excess o f th e  d ire c t  
gap. The curves In  Appendix B confirm  th ese  p re d ic tio n s . These curves 
a lso  In d ic a te  th a t  d i r e c t  t r a n s i t io n s  occur co n s is te n tly  a t  2.48 ev Im­
p ly in g  th a t  th i s  I s  the  energy fo r  th e  d ire c t  gap.
The hypothesis th a t  th e  abso rp tion  I s  due to  an I n t r in s ic  quantum 
mechanical e f fe c t  and p ro p o rtio n a l to  th e  c a r r ie r  d en s ity  Is  a lso  
v e r if ie d  by the  experim ental r e s u l t s .  The h o riz o n ta l energy s h i f t  
between th e  curves shows th a t  th ese  displacem ents s h i f t  to  th e  l e f t  as 
th e  conductiv ity  In c reases . The measured co n d u c tiv itie s  as determ ined by 
th ese  s h i f t s  In  energ ies and th e  expressions derived  in  th e  Theory and 
Appendix A, In d ic a te  reasonable agreement w ith measurements obtained by
th e  four p o in t probe (See Table 4b ) .
The most apparent advantage o f th e  o p tic a l  method p resen ted  In  
t h i s  study i s  th a t  i t  has the  p o te n t ia l  to  be adaptable In to  a  system 
o f  rap id  scanning. The scanning can be u t i l iz e d  e i th e r  in  production 
p rocessing  o f m a te ria ls  o r as a  re sea rch  to o l .  The spot s iz e  o f the  photon 
beam can be ad ju sted  and made sm all enough so th a t  changes In  conductiv ity
over a  sm all contour can be measured. I t  i s  t ru e ,  however, th a t  the
re so lu tio n  and accuracy o f th e  apparatus must be b e t te r  than  th a t  used 
In  th i s  study I f  very sm all changes in  r e s i s t i v i t y  values a re  to  be 
ob tained .
The o p tic a l method a lso  e lim inates  th e  e r ro rs  caused by con tact 
methods and perhaps more s ig n if ic a n tly  i s  Independent o f th e  geometry. 
F u rth e r , i t  can be re a d ily  employed to  make measurements on m a te r ia ls  
a t  a l l  tem peratures, which i s  not always p o ssib le  o r a t  le a s t  i s  some­
tim es ob jec tionab le  when con tac ts  a re  used.
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General A nalysis Of E le c tr ic a l  Conductivity 
From The Absorptlm C h a ra c te r is t ic s .
I t  has been shown In  se c tio n  2 .5  (c) th a t  th e  e le c t r i c a l  conductiv ity  
o f a  semiconductor sample can be determ ined from th e  abso rp tion  curve 
o f th e  m a te r ia l. I t  m ust, however, be compared to  th e  ab so rp tio n  curve 
o f a  semiconductor o f  known co n ductiv ity . The sample o f known con­
d u c tiv ity  i s  measured by an accepted method such as  th e  four p o in t probe 
which I s  perhaps th e  most r e l ia b le  o f e x is tin g  d ir e c t  con tact measuring 
methods. The four p o in t probe does, however, have some disadvantages 
and measurements can vary s ig n if ic a n tly  even when repeated  measurements 
are  taken  by th e  same o p e ra to r. Extreme p recau tio n s  in  th e  sh ie ld in g  o f 
semiconductor samples and th e  four po in t probe apparatus I s  necessary  in  
o rder to  o b ta in  c o n s is te n t read in g s.
When th e  conductiv ity  o f th e  sample corresponding to  th e  re fe ren ce  
curve i s  known, th e  co n d u c tiv ity  o f any o th e r  sample can be determ ined 
i f  i t s  abso rp tion  curve i s  compared to  th e  re fe ren ce  curve. The s h i f t  • 
between th e  curves re p re se n ts  a  change in  th e  apparent band gap which can 
be In fe rre d  from (135) to  be caused by band shrinkage and th e  s h i f t  in  
Fermi le v e l .  When th e  same type semiconductor a re  used, then  th e  expression  
given by (1^0) i s  used to  f in d  th e  unknown co n d u ctiv ity . This i s ,  however, 
v a lid  only when both semiconductors a re  non-degenerate. When th e  samples 
a re  o f th e  same m a te r ia l,  then  th e  s in p le r  expression  given by (1^1) 
can be used. The term AEd rep re sen ts  th e  displacem ent between curves 
and should be measured a t  energ ies below th e  energy o f  d ire c t  t r a n s i t io n s  
(-2 .5  ev ).
When a  semiconductor sample becomes degenera te , the  assum ption o f
(129) cn no longer be made so th a t  equation (130) i s  not v a lid . The
expression  fo r  p must then  be evaluated  fo r  th e  degenerate case .
The expression  fo r  p i s  g iven  frcm (125) as
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when x _ ^v -  E , 6 = Ey -  ^
KT KT
and c* = c (KT) 3/2  then (1A) becomes
x^ dx
1+e x - 6 (2k)
When th e  semiconductor i s  normal ( lig h t ly  doped), then  the  value of th e  
in te g ra l  in  (2A) i s  th e  r (3 /2) so th a t  p becomes th e  Boltzman 
approxim ation,
p = c» 2/3 <S 3/2  (3A)*n n
Under cond itions of heavy doping so th a t  a  degenerate cond ition  e x is ts  
(6 >o), i t  can be seen th a t  th e  denominator (2A) i s  e s s e n tia l ly  u n ity  
u n t i l  x approaches 6. For values o f x g re a te r  than  6, th e  denominator 
ire re a se s  much more ra p id ly  than  th e  numerator so th a t  th e  c o n tr ib u tio n  
to  th e  in te g ra l  becomes n e g lig ib le  fo r  x> > 6 and th e  in te g ra l  ra p id ly  
converges. Consequently, a  reasonable approxim ation fo r  equation  (2k) 
under cond itions o f degeneracy i s
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= " ' I ua  c* 2//3 (<5-,) 3/2 (4A)
Using th e  expression  In  (3A) and (4A) and applying them to  th e  r a t io  o f 
two c o n d u c tiv itie s , one o f which I s  degenerate (fi2 ) , then
°2. 1  ppp Pp. = PPp C' 2/3  (6g) 3/2 , N
«*i PPi Pi   t 5A)
PPi CT / tt e
3/ ?02 = PP2 4 (62)
01 PPi 3 / ¥  e 61
The expression  (5A) w ill  g ive th e  tru e  conductiv ity  fo r  y2 . However, 
th e  Boltzmann approxim ation was used fo r  P2 in  th e  measurement o f th e  
energy s h i f t  AE^, th e re fo re  th e  measured cond u ctiv ity  r a t io  i s
f /  ir e  A Ed/
02* = yp2 C ~~2 g = yp2 e KT
0 1 ' “ P l  L"  / i r e  s i  1,1,1 <-6Ai
~T~
Consequently, th e  tru e  conductiv ity  r a t io  in  te rn s  o f measured 
param eters becomes
02 = 02-' C1 2 /3 (62) 3 /2
al a l ' u' / T  062
"Z"
aJL  -  4______ yp2 ( 62) ^  e
a i 3 r H  ypl e 62
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APPENDIX B
Experimental Data and Conductivity D eterm ination 
o f Semiconductors With Clean Surfaces
The va lues o f th e  abso rp tion  c o e f f ic ie n ts  as ca lcu la ted  frcm 
measured d a ta , th e  abso rp tion  cu rves, and th e  re s u l t in g  asso c ia ted  
e le c t r i c a l  co n d u c tiv itie s  fo r  s ix  c lean  s i l ic o n  samples a re  p resen ted  in  
th i s  appendix.
The s ix  s i l ic o n  p -type (111) wafers o f 20 m il th ick n ess  were obtained 
from th e  Montsanto C orporation. The wafers were measured by them and 
then again  independently by th e  Radio Corporation o f America w ith 
s ig n if ic a n t d iffe re n ce s  o f up to  70$ In  th e  measured values. The 
measurements were made by fo u r p o in t probe by both  companies under th e  
same t e s t  co n d itio n s. The values o f c o n d u c tiv itie s  as obtained o p tic a lly  
a re  compared w ith th e  two four p o in t probe measurements and a re  p resen ted  
in  Table 3B.
The su rfaces o f th e  s ix  h ighly  po lished  w afers were c a re fu lly
prepared so as to  remove contaminants and oxide la y e rs . Each sample was 
f i r s t  given a  de te rg en t both  o f  d i s t i l l e d  w ater and alconox fo r  20 
m inutes. I t  was then  r in sed  w ell in  a  d i s t i l l e d  w ater bath  and b lo t 
d rie d  w ith  le n s  t i s s u e .  A 10 minute e tch  in  a  15 to  1 d i s t i l l e d  w ater 
to  hyd ro flou ric  ac id  so lu tio n  was then  followed by sev era l d i s t i l l e d  
w ater baths and f in a l ly  d rie d  by l i n t  f re e  len s  t i s s u e .  The o p tic a l 
measurements were begun w ith in  5 m inutes a f te r  th e  wafer had been d rie d . 
The process co n s is tin g  o f th e  e tch  and th e  o p tic a l  measurements was 
completed on each wafer before th e  process was repeated  on the  next w afer.
125
The values o f  th e  absorp tion  c o e f f ic ie n ts  fo r  th e  c lean  su rfaces as  
determined from th e  measured o p tic a l  constan ts  (see Section  2 .5  (a)) a re  
given in  Table IB. Measurements on th e  w afers p r io r  to  cleaning  were 
a lso  taken , but th e  r e s u l ts  a re  not included in  t h i s  Appendix because th e  
surface cond ition  was not known. The w afers had s h e lf  l iv e s  ranging frcm 
th re e  months to  th re e  years w ith  exposure to  d if fe r in g  environments. In  
a l l  cases, th e  abso rp tion  curve was lower a f te r  th e  su rface  p rep a ra tio n , 
but th e  decrease varying s ig n if ic a n tly  from one wafer to  th e  o th e r w ith 
decreases by as much as 50$.
The cleaned su rfaces served as  a  b a s is  o f  comparison fo r  th e  s ix  
w afers. The ab so rp tio n  c o e f f ic ie n ts  given in  Table IB in d ic a te  th a t  th e  
values in crease  as th e  nominal r e s i s t i v i t y  (measured by Montsanto) 
decreases. This i s  In  accordance w ith  th e o re t ic a l  p re d ic tio n s .
The values o f th e  absorp tion  c o e f f ic ie n t as a  fu n c tio n  o f  photon 
energy a re  p lo t te d  fo r  each wafer and th e  r e s u l ts  a re  g iven in  f ig u res  
IB, 2B, and 3B. In  a l l  o f th e  s ix  cu rves, th e re  i s  a  n o ticeab le  change 
in  slope a t  a  photon energy, hv o f 2.48 ev which agrees w ith  th e  energy 
necessary fo r  th e  onset o f  d ir e c t  t r a n s i t io n .  This slope change was 
not observed fo r  th e  two samples (0.005 and 50 obm-cm) in  th e  main te x t  
o f th e  th e s is ,  because o f th e  su rface  oxides. However, fu r th e r  c a lc u la tio n s  
to  determ ine th e  e le c t r i c a l  conductiv ity  were unaffected  because of th e  
equal su rface  oxide film s.
The graph o f Figure IB shows th e  absorp tion  curve fo r  th e  sample 
known to  be 95 ohm-cm (by four p o in t probe) and used as a  re fe ren ce .
Comparison between th e  re fe ren ce  curve and th e  0.063 ohm-cm (nominal 
r e s i s t i v i t y  by Montsanto using th e  four po in t probe) r e s u l t s  in  a  value 
o f 0.07 ohm-cm as  shown in  Table 3B. R e s is t iv i t ie s  o f  th e  o th e r four 
s i l ic o n  samples as obtained by comparison to  th e  re fe ren ce  curve
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(95 ohm-cm) a re  a lso  given In  Table 3B. The ca lc u la tio n s  a re  made using 
equation (141) which ap p lie s  fo r  a l l  th e  s i l ic o n  wafers except th e  value 
o f 0.01 ohm-cm r e s i s t i v i t y .  The 0.01 ohm-cm sample was found to  be 
degenerate (see Table 3B and F igure 4B) s o  th a t  equation (7A) derived 
in  Appendix A i s  a p p lic a b le . The values o f th e  m o b ilitie s  a t  room 
tem perature a re  re a d ily  a v a ila b le  from any standard  semiconductor 
handbook. Some values covering th e  r e s i s t i v i t y  range o f th e  samples 
a re  given in  Table 2B. The m o b ilit ie s  a re  se le c ted  so th a t  they 
correspond to  th e  nominal r e s i s t i v i t i e s .  The displacem ent between the  
re fe ren ce  curve (95 ohm-cm) and th e  unknown curve i s  given by AÊ  and 
i s  taken  in  th e  reg io n  where the  t r a n s i t io n s  a re  in d ire c t .  The reason 
fo r  s e le c tin g  th i s  reg io n  i s  th a t  th e  experim ental curve fo r  photon 
energ ies between 1.98 ev and 2.48 ev c lo se ly  follow s th e  square low 
p red ic ted  th e o re t ic a l ly .  Energies above 2.48 ev involve the  ad d itio n  
o f both d ire c t  and in d ire c t  co n tr ib u tio n s . This r e s u l ts  In  th e  sum of 
an absorp tion  c o e f f ic ie n t  which follow s a  one h a lf  power law and one which 
obeys th e  square law (see 2.3 ( c ) ,  (d) and f ig u re  17). The in crease  in  
a fo r  energ ies above but near the  d i r e c t  gap i s  very la rg e  (see equation 
(159)). This makes i t  d i f f i c u l t  to  determ ine the  exact re la t io n s h ip  of 
t h i s  p a r t  o f th e  curve.
The c a lc u la tio n s  show th a t  th e  o p tic a l  method i s  in  reasonable agree­
ment w ith  measurements taken  by th e  fou r p o in t probe. There i s  seme degree 
o f  e r ro r  which can be a t t r ib u te d  to  system e r ro r  and su rface  e f fe c ts .
Table 4B p resen ts  th e  comparison o f th e  r e s u l t s  using th e  o p tic a l  method 

















0  0.01 ohm-cm
8 21 . 2 61 . 0 6. 8 8
1 . 6 6. 9 7
PHOTON ENERGY, (hv-1 .1) ev
Figure IB A bsorption curves fo r  Nominal R e s is t iv t ie s  o f  
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Figure 2B Absorption curves fo r  Nominal R e s is t iv i t ie s  o f





















95  ohm-cm 
( R e fe r e n c e )
0 .0 6 3  ohm-cm
1
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1 . 8 2. 8 8  . 9 7  1 . 0 8  1 . 6 6
P hoton  E n e r g y , ( h v - 1 .1 )  e v
F ig u r e  3B A b so r p tio n  c u r v e s  f o r  N om inal R e s i s t i v i t i e s  o f  
95 ohm-cm and  0 .0 6 3  ohm cm.
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FIGURE 4B
" a  W
AÊ  = 0.25ev
0.50ev
^Pl (95 ohm -  cm)
AEj-j = 0.47 ev
E.v
^ 2  (0 .01 ohm-cm)
Energy band diagram fo r
s i l ic o n  assuming some band shrinkage
in  th e  degenerate case (E^ = 1 .0  ev ).
The value o f 6 = *—  ^  9 a t  room 
KT
tem perature. The value o f AE, i s  
found using equation  (132).
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TABLE IB
Nominal R e s ls t lu l ty  (ohm-cm)
95 10 1.0 0.5 .063 .01
hv-1 .1 
(ev)
A bsorption C o e ff ic ie n t, a 
(104 cm- 1 )
.88 3.6 3.6 3.6 3.6 4.9 8.1
.97 3.5 3.8 3.8 3.8 5.1 8.4
1.06 4.3 4.4 4.5 4 .9 5.8 11.2
1 .16 4.7 4.7 5.2 5-9 6.8 13.4
1.26 5.9 5.9 6.1 7.0 7.9 14.5
1.38 7.1 6.9 7.2 8.3 9.3 15.8
1.51 12.4 12.7 12.6 12.4 14.9 20.4
1.66 24.3 22.3 24.7 23.0 24.1 28.7
1.82 33.7 32.7 33.1 36.6 35.8 35.6
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TABLE 2B
p (ohm-cm) NA (cm- ^) yp (cm2-v “-  s"1 )
100 io 11* 500
10 1015 450
1 2 x 1016 350




(a) (k)AEL (ev) p (ohm-cm) c a lc u la te d  p (ohm-cm) Nominal
o p t ic a l  method R e s i s t iv i ty
.01  52 10
.09  3 .2  1 .0
.12 1 .1  .5
.22  .07 .063
.-47 .006  .01
(a) AEp I s  th e  d isp lacem ent from th e  re fe re n c e  curve (95 ohm-cm) 
to  th e  unknown r e s i s t i v i t y  curve.
(b) The v a lu e  o f  KT I s  tak en  a s  O.O25 ev.
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TABLE 4B
P our P o in t  P rob e O p t ic a l  M ethod
M onsanto RCA
p (ohm-cm) p ( ohm-cm) p (ohm-cm)
95 60 95
10 9.7 52
1 .0  .89 3-2
0 .5  .37 1-1
0.063 .064 .07
0.01 .017 .006
